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Preface

This manual presents instructions, examples,
procedures, and standards for use in the design
of concrete gravity dams. It serves as a guide to
sound engineering practices in the design of
concrete gravity dams and provides the
technically trained, qualified design engineer
with specidized and technical information that
can be readily used in the design of such a dam.

The manua came into being because of the
numerous requests made to the Bureau for its
latest concepts on the design of concrete dams.
A companion Bureau manua “Design of Arch
Dams’ is also being prepared and will soon be
published.

“Design of Gravity Dams’ was prepared to
cover all heights of concrete gravity dams
except small dams under 50 feet which are
covered in “Desgn of Small Dams.”
Foundations for the design of dams discussed
in this book are assumed to be rock.

The materia used in this book from “Design
of Small Dams’ has been revised to make it
applicable to larger concrete gravity dams.
Although most of this text is related
exclusively to the design of dams and
appurtenant structures, it is important that the
designer be familiar with the purpose of the
project of which the dam is a part, the
considerations influencing its justification, and
the manner of arriving at the size and type of
structure to be built. Factors which affect the
selection of the type of dam and its location
are discussed in chapter 11, “Design
Considerations.”  Chapter XV discusses the

*Retired

ecological and environmental considerations
required in constructing a dam. The integrity
of the structural design requires strict
adherence to specifications for the concrete
and to the practice of good workmanship in
concrete production. Therefore, a summary of
Bureau of Reclamation concrete construction
practices or methods is included in chapter
XIV, *“Concrete Construction.”

The manual should be of service to all
concerned with the planning and designing of
water storage projects, but it cannot relieve the
agency or person using it of the responsibility
for a safe and adequate design. The limitations
stated in the design procedures should be
heeded.

This book was prepared by engincers of the
Bureau of Reclamation, U.S. Department of
the Interior, a the Engineering and Research
Center, Denver, Colorado, under the direction
of H. G. Arthur, Director of Design and
Construction, and Dr. J. W. Hilf,* Chief,
Divison of Design. The text was written by
members of the Concrete Dams Section,
Hydraulic Structures Branch, Division of
Design, except for Appendix G “Inflow Design
Flood Studies,” which was written by D. L.
Miller,* of the Flood and Sedimenation
Section, Water and Management Planning
Branch, Division of Planning Coordination.
Members of the Concrete Dams Section who
made substantial contributions to the text
include: M. D. Copen,* J. Legas, E. A.
Lindholm, G. S. Tarbox, F. D. Reed,* C. L.



VI

Townsend* J. S. Conrad* R. 0. Atkinson, R.
R. Jones, M. A. Kramer, C. W. Jones* J. L.
Von Thun, G. F. Bowles, and J T.
Richardson.* The major editing and
coordinating of the test was done by E. H.
Larson,* and the fina preparation of the text
for printing was done by R. E. Haefele and J.
M. Tilsley, all of the Publications Section,
Technical Services and Publications Branch,
Divison of Engineering Support. The authors
and editors wish to express their appreciation
to the personnel in the General Services Branch
for their contributions and to the technicians
of Concrete Dams Section and Drafting Branch
who prepared charts, tables, and drawings for
use in the text.

PREFACE

The methods of design and analysis were
developed through the efforts of dedicated
Bureau engineers during the many years the
Bureau of Reclamation has been designing and
constructing concrete gravity dams. Their
efforts are gratefully acknowledged.

There are occasional references to
proprietary materials or products in this
publication. These must not be construed in
any way as an endorsement of the Bureau of
Reclamation since such endorsement cannot be
made for proprietary products or processes of
manufacturers or the services of commercial
firms for advertising, publicity, saes, or other
purposes.
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<<Chapter |

Introduction

I-l. Scope.-A concrete gravity dam, as
discussed in this manua, is a solid concrete
structure so designed and shaped that its
weight is sufficient to ensure stability against
the effects of al imposed forces. Other types
of dams exist which also maintain their
stability through the principle of gravity, such
as buttress and hollow gravity dams, but these
are outside the scope of this book. Further,
discussions in this manua are limited to dams
on rock foundations and do not include smaller
dams generdly less than 50 feet high which are
discussed in the Bureau of Reclamation
publication “Design of Small Dams’] 1]! .

The complete design of a concrete gravity
dam includes not only the determination of the
most efficient and economical proportions for
the water impounding structure, but also the
determination of the most suitable appurtenant
structures for the control and release of the
impounded water consistent with the purpose
or function of the project. This manual
presents the basic assumptions, design
considerations, methods of analysis, and
procedures used by designers within the
Engineering and Research Center, Bureau of
Reclamation, for the design of a gravity dam
and its appurtenances.

1-2. Classifications. -Gravity dams may be
classified by plan as straight gravity dams and
curved gravity dams, depending upon the axis
alinement. The principal difference in these
two classes is in the method of analysis.
Whereas a straight gravity dam would be
analyzed by one of the gravity methods
discussed in this manual (ch. IV), a curved

‘Numbers in brackets refer to items in the bibliography, sec.
1-5.

gravity dam would be analyzed as an arch dam
structure, as discussed in the Bureau's manual
“Design of Arch Dams”[ 2] . For statistical
purposes, gravity dams are classified with
reference to their structural height. Dams up to
100 feet high are generally considered as low
dams, dams from 100 to 300 feet high as
medium-height dams, and dams over 300 feet
high as high dams.

I1-3. General Dimensions. -For uniformity
within the Bureau of Reclamation, certain
genera dimensions have been established and
are defined as follows:

The structural height of a concrete gravity
dam is defined as the difference in €evation
between the top of the dam and the lowest
point in the excavated foundation area,
exclusive of such features as narrow fault
zones. The top of the dam is the crown of the
roadway if a roadway crosses the dam, or the
level of the wakway if there is no roadway.
Although curb and sidewalk may extend higher
than the roadway, the level of the crown of the
roadway is considered to be the top of the
dam.

The hydraulic height, or height to which the
water rises behind the structure, is the
difference in elevation between the lowest
point of the original streambed at the axis of
the dam and the maximum controllable water
surface.

The length of the dam is defined as the
distance measured along the axis of the dam at
the level of the top of the main body of the
dam or of the roadway surfscc on the crest,
from abutment contact to :butment contact,
exclusive of abutment spillway; provided that,
if the spillwzy lies wholly within the dam and

!
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not in any area especiadly excavated for the
spillway, the length is measured along the axis
extended through the spillway to the abutment
contacts.

The volume of a concrete dam should
include the main body of the dam and al mass
concrete appurtenances not separated from the
dam by construction or contraction joints.
Where a powerplant is constructed on the
downstream toe of the dam, the limit of
concrete in the dam should be taken as the
downstream face projected to the general
excavated foundation surface.

I-4. Gravity Dam Definitions. -Terminology
relating to the design and analysis of gravity
dams and definitions of the parts of gravity
dams as used in this manual are as follows:

A plan is an orthographic projection on a
horizontal plane, showing the main features of
a dam and its appurtenant works with respect
to the topography and available geological
data. A plan should be oriented so that the
direction of streemflow is toward the top or
toward the right of the drawing.

A profile is a developed €eevation of the
intersection of a dam with the originad ground
surface, rock surface, or excavation surface
aong the axis of the dam, the upstream face,
the downstream face, or other designated
location.

The axis of the dam is a vertica reference
plane usualy defined by the upstream edge of
the top of the dam.

A section is a representation of a dam as it

DESIGN OF GRAVITY DAMS

would appear if cut by a plane. A beam section
is taken horizontally through the dam. A
cantilever section is a vertical section taken
norma to the axis and usually oriented with
the reservoir to the left.

A beum element, or beam, is a portion of a
gravity dam bounded by two horizonta planes
1 foot apart. For purposes of analysis the edges
of the elements are assumed to be vertical.

A cantilever element, or cantilever, is a
portion of a gravity dam bounded by two
vertica planes normal to the axis and 1 foot
apart,

A twisted structure consists of vertical
elements with the same structural properties as
the cantilevers, and of horizontal eements with
the same properties as the beams. The twisted
structure resists torsion in both the vertical and
horizontal  planes.

The height of a cantilever is the vertical
distance between the base elevation of the
cantilever section and the top of the dam.

The thickness of a dam a any point is the
distance between upstream and downstream
faces dong a line norma to the axis through
the point.

The abutment of a beam element is the
surface, at either end of the beam, which
contacts the rock of the canyon wall.

The crest of a dam is the top of the dam.

I-5. Bibliography.

[1] “Design of Small Dams,” second edition, Burcau of

Reclamation, 1973.
[2] “Design of Arch Dams,” first edition, Bureau of

Reclamation, 1976.



<<Chapter I

Design Considerations

A. LOCAL CONDITIONS

2-1. General. -Although not of immediate
concern to the designer of a dam and its
appurtenances, the early collection of data on
loca conditions which will eventualy relate to
the design, specifications, and construction
stages is advisable. Local conditions are not
only needed to estimate construction costs, but
may be of benefit when considering aternative
designs and methods of construction. Some of
these local conditions will also be used to
determine the extent of the project designs,
including such items as access roads, bridges,
and construction camps.

2-2. Data to be Submitted.-Local
conditions should be described and submitted
as part of the design data as follows:

(1) The approximate distance from the
nearest railroad shipping terminal to the
structure site; load restrictions and physical

B. MAPS AND

2-3. General.-Maps and photographs are of
prime importance in the planning and design of
a concrete dam and its appurtenant works.
From these data an evaluation of aternative
layouts can be made preparatory to
determining the fina location of the dam, the
type and location of its appurtenant works,
and the need for restoration and/or
development of the area

2-4. Survey Control. -Permanent horizonta
and vertical survey control should be
established at the earliest possible time. A grid

inadequacies of existing roads and structures
and an estimate of improvements to
accommodate construction hauling; an
estimate of length and major structures for
access roads, and possible alternative means for
delivering construction materials and
equipment to the site.

(2) Loca freight or trucking facilities and
rates.

(3) Availability of housing and other
facilities in the nearest towns; requirements for
a congruction camp; and need for permanent
buildings for operating personnel.

(4) Availability or accessibility of public
facilities or utilities such as water supply,
sewage disposal, electric power for
construction purposes, and telephone service.

(5) Local labor pool and general
occupational fields existing in the area

PHOTOGRAPHS

coordinate system for horizontal control
should be established with the origin located so
that al of the features (including borrow areas)
a a major structure will be in one quadrant.
The coordinate system should be related to a
State or National coordinate system, if
practicable. All previous survey work, including
topography and location and ground surface
elevation of subsurface exploration holes,
should be corrected to agree with the
permanent control system; and al subsequent
survey work, including location and ground

3



4

surface elevations, should be based on the
permanent control,

2-5. Data to be Submitted. -A genera area
map should be obtained locating the general
area within the State, together with county and
township lines. This location map should show
existing towns, highways, roads, railroads, and
shipping points. A vicinity map should also be
obtained using such a scale as to show details

on the following:
(1) The structure site and alternative

Sites.

(2) Public utilities.

(3) Stream gaging stations.

(4) Existing manmade works affected
by the proposed devclopment.

(5) Locations of potential construction
access roads, sites for a Government camp
and permanent housing area, and sites for
the contractor’s camp and construction
facilities.

(6) Sources of natural construction
materials.

(7) Existing or potential areas or
features having a bearing on the design,
construction, operation, or management
of project features such as recreational
areas, fish and wildlife areas, building
areas, and areas of ecological interest.

The topography of the areas where the dam
and any of its appurtenant works are to be
located is of prime concern to the designer.

DESIGN OF GRAVITY DAMS

Topography should be submitted covering an
area sufficient to accommodate all possible
arrangements of dam, spillway, outlet works,
diversion works, construction access, and other
facilitiess and should be based on the
permanently established horizontal and vertical
survey control. A scale of 1 inch equals 50 feet
and a contour interval of 5 feet will normally
be adequate. The topography should extend a
minimum of 5 00 feet upstream and
downstream from the estimated positions of
the hed and toe of the dam and a sufficient
distance beyond each end of the dam crest to
include road approaches. The topography
should aso cover the areas for approach and
exit channels for the spillway. The topography
should extend to an elevation sufficiently high
to permit layouts of access roads, spillway
structures, and visitor facilities.

Ground and aerial photographs are beneficial
and can be used in a number of ways. Ther
principal value is to present the latest data
relating to the site in such detail as to show
conditions affecting the designs. Close-up
ground photographs, for example, will often
give an excelent presentation of loca geology
to supplement that obtained from a
topographic map. Where modifications are to
be made to a partially completed structure,
such photographs will show as-constructed
details which may not show on any drawings.

C. HYDROLOGIC DATA

2-6. Data to be Submitted.-In order to
determine the potential of a site for storing
water, generating powecr, or other beneficial
use, a thorough study of hydrologic conditions
must be made. Necessary hydrologic data will
include the following:

(1) Streamflow records, including daily
discharges, monthly volumes, and
momentary  peaks.

(2) Streamflow and reservoir yield.

(3) Project water requirements,
including allowances for irrigation and
power, conveyance losses, reuse of return

flows, and stream releases for fish; and

dead storage requirements for power,
recreation, fish and wildlife, etc.
(4) Flood studies, including inflow

design floods and floods to be expected
during periods of construction.

(5) Sedimentation and water quality
studies, including sediment measurements,
analysis of dissolved solids, etc.

(6) Data on ground-water tables in the
vicinity of the reservoir and damsite.

(7) Water rights, including interstate
compacts and international treaty effects,
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and contractual agreements with local
districts, power companies, and
individuals for subordination of rights,
etc.

Past records should be used as a basis for
predicting conditions which will develop in the
future. Data relating to streamflow may be
obtained from the following sources:

(1) Water supply papers-U.S.
Department of the Interior, Geological
Survey, Water Resources Division.

(2) Reports of state engineers.

(3) Annual reports-International
Boundary and Water Commission, United
States and Mexico. ,

(4) Annua reports-various interstate
compact commissions.

(5) Water right filings, permits-state
engineers, county recorders.

(6) Water right decrees-district courts.

Data on sedimentation may be obtained
from:

(1) Water supply papers-U.S.
Department of the Interior, Geological
Survey, Quality of Water Branch.

(2) Reports-U.S. Department of the
Interior, Bureau of Reclamation; and U.S.
Department of Agriculture, Soail
Conservation Service.

Data for determining the quality of the
water may be obtained from:

(1) Water supply papers-U.S.
Department of the Interior, Geological
Survey, Quality of Water Branch.

(2) Reports-U.S. Department of
Health, Education, and Welfare, Public
Health Service, and Environmental
Protection Agency, Federd Water Control
Administration.

(3) Reports-state public health
departments.

2-7. Hydrologic Investigations. -Hydrologic
investigations which may be required for
project studies include the determination of
the following: yield of streamflow, reservoir
yield, water requirements for project purposes,
sediment which will be deposited in the
reservoir, f loodflows, and ground-water
conditions.

The most accurate estimate possible must be
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prepared of the portion of the streamflow yield
that is surplus to senior water rights, as the
basis of the justifiable storage. Reservoir
storage will supplement natural yield of
streeamflow during low-water periods. Safe
reservoir yield will be the quantity of water
which can be delivered on a firm basis through
a critical low-water period with a given
reservoir capacity. Reservoir capacities and safe
reservoir yields may be prepared from mass
curves of natural streamflow yield as related to
fixed water demands or from detailed reservoir
operation studies, depending upon the study
detail which is justified. Reservoir evaporation
and other incidental losses should be accounted
for before computation of net reservoir yields.

The critical low-water period may be one
drought year or a series of dry years during the
period of recorded water history. Water
shortages should not be contemplated when
considering municipal and industrial water use.
For other uses, such as irrigation, it is usualy
permissible to assume tolerable water shortages
during infrequent drought periods and thereby
increase water use during norma periods with
consequent greater project development. What
would constitute a tolerable irrigation water
shortage will depend upon local conditions and
the crops to be irrigated. If the problem is
complex, the consulting advice of an
experienced hydrologist should be secured.

The annua rate at which sediment will be
deposited in the reservoir should be ascertained
to ensure that sufficient sediment storage is
provided in the reservoir so that the useful
functions of the reservoir will not be impaired
by sediment deposition within the useful life of
the project or the period of economic analyss,
say 50 to 100 years. The expected elevation of
the sediment deposition may also influence the
design of the outlet works, necessitating a type
of design which will permit raising the intake
of the outlet works as the sediment is
deposited.

Water requirements should be determined
for al purposes contemplated in the project.
For irrigation, consideration should be given to
climatic conditions, soil types, type of crops,
crop distribution, irrigation efficiency and
conveyance losses, and reuse of return flows.
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For municipal and industrial water supplies,
the anticipated growth of demand over the life
of the project must be considered. For power
generation, the factors to be considered are
load requirements and anticipated load growth.

Knowledge of consumptive uses is important
in the design and operation of a large irrigation
project, and especialy for river systems as a
whole. However, of equal and perhaps more
importance to an individual farm or project is
the efficiency with which the water is
conveyed, distributed, and applied. The losses
incidental to application on the farm and the
conveyance system losses and operational
waste may, in many instances, exceed the
water required by the growing crops. In actud
operation, the amount of loss is largely a
matter of economics. In areas where water is
not plentiful and high-vaue crops are grown,
the use of pipe or lined conveyance systems
and costly land preparation or sprinkler
systems can be afforded to reduce losses to a
minimum. A part of the lost water may be
consumed nonbeneficially by nonproductive
areas adjacent to the irrigated land or in
drainage channels. Usualy most of this water
eventualy returns to a surface stream or drain
and is referred to as return flow.

In planning irrigation projects, two
consumptive use vaues are developed. One,
composed of monthly or seasonal values, is
used with an adjustment for effective
precipitation and anticipated losses mentioned
above to determine the total water requirement
for appraising the adequacy of the total water
supply and determining reservoir storage
requirements. The other, a peak use rate, is
used for sizing the canal and latera system.

Evapotranspiration, commonly called
consumptive use, is defined as the sum of
evaporation from plant and soil surfaces and
transpiration from plants and is usually
expressed in terms of depth (volume per unit
area). Crop consumptive use is equal to
evapotranspiration plus water required for
plant tissue, but the two are usually considered
the same. Predictions or estimates of
evapotranspiration are basic parameters for the
engineer or agronomist involved in planning
and developing water resources. Estimates of
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evapotranspiration are also used in assessing the
disposition of water in an irrigation project,
evaluating the irrigation water-management
efficiency, and projecting drainage
requirements.

Reliable rational equations are available for
estimating  evapotranspiration when basic
meteorological parameters such as net
radiation, vapor pressure and temperature
gradients, wind speed at a prescribed elevation
above the crops or over a standard surface, and
soil heat flux are available. When information
on these parameters is not available, which is
the usual case, recourse is made to empirical
methods. Numerous equations, both empirica
and partially based on theory, have been
developed for estimating potential
evapotranspiration. Estimates from these
methods are generally accepted as being of
suitable accuracy for planning and developing
water resources. Probably the methods most
widely used at this time are the Blaney-Criddle
method shown in reference [ 1]! and the Sail
Conservation Service adaptation of the
Blaney-Criddle method, shown in reference
[2].

A more recent method, nearly developed
sufficiently for general usage, is the
Jensen-Haise solar radiation method shown in
reference [ 3] . In general terms, these methods
utilize climatic data to estimate a climatic
index. Then coefficients, reflecting the stage of
growth of individual crops and their actual
water requirement in relationship to the
climatic index, are used to estimate the
consumptive use requirements for selected
Ccrops.

Project studies must include estimates of
floodflows, as these are essential to the
de termination of the spillway capacity.
Consideration should also be given to annud
minimum and mean discharges and to the
magnitudes of relatively common floods having
20-, 10-, and 4-percent chances of occurrence,
as this knowledge is essential for construction
purposes such as diverting the stream,
providing cofferdam protection, and scheduling

‘Numbers in brackets refer to items in the bibliography, sec.
2-31.
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operations. Methods of arriving at estimates of
floodflows are discussed in appendix G. If the
feasibility studies are relatively complete, the
flood determination may be sufficient for
design purposes. If, however, floodflows have
been computed for purposes of the feasibility
study without making full use of al available
data, these studies should be carefully reviewed
and extended in detail before the actual design
of the structure is undertaken. Frequently, new
data on storms, floods, and droughts become
available between the time the feasibility
studies are made and construction starts. Where
such changes are dignificant, the flood studies
should be revised and brought up to date.
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Project studies should also include a
ground-water study, which may be limited
largely to determining the effect of ground
water on construction methods. However,
some ground-water situations may have an
important bearing on the choice of the type of
dam to be constructed and on the estimates of
the cost of foundations. Important
ground-water information sometimes can be
obtained in connection with subsurface
investigations of foundation conditions.

As soon as a project appears to be feasible,
steps should be taken in accordance with State
water laws to initiate a project water right.

D. RESERVOIR CAPACITY AND OPERATION

2-8. General. -Dam designs and reservoir
operating criteria are related to the reservoir
capacity and anticipated reservoir operations.
The loads and loading combinations to be
applied to the dam are derived from the severd
standard reservoir water surface elevations.
Reservoir operations are an important
consideration in the safety of the structure and
should not be overlooked in the design.
Similarly, the reservoir capacity and reservoir
operations are used to properly size the
spillway and outlet works. The reservoir
capacity is a magjor factor in flood routings and
may determine the size and crest elevation of
the spillway. The reservoir operation and
reservoir capacity allocations will determine
the location and size of outlet works for the
controlled release of water for downstream
requirements and flood control.

Reservoir area-capacity tables should be
prepared before the final designs and
specifications are completed. These
area-capacity tables should be based upon the
best available topographic data and should be
the official document for final design and
administrative purposes until superseded by a
reservoir resurvey. Electronic computer
programs are an aid in preparation of reservoir
area and capacity data. These computers enable
the designer to quickly have the best results

obtainable from the origina field data.

2-9. Reservoir Allocation Definitions.—To
ensure uniform reporting of data for design and
construction, the following standard
designations of water surface elevations and
reservoir capacity allocations are used by the
Bureau of Reclamation:

(a) General. Dam design and reservoir
operation utilize reservoir capacity and water
surface elevation data. To ensure uniformity in
the establishment, use, and publication of these
data, the following standard definitions of
water surface elevations and reservoir capacities
shall be used. Reservoir capacity as uscd hcre is
exclusive of bank storage capacity.

(b) Water Surface Elevation Definitions.
(Refer to fig. 2-1 )

(1) Maximum Water Surface is the
highest ‘acceptable water surface elevation
with al factors affecting the safety of the
structure considered. Normally, it is the
highest water surface elevation resulting
from a computed routing of the inflow
design flood through the reservoir on the
basis of established operating criteria. It is
the top of surcharge capacity.

(2) Top of Exclusive Flood Control
Capacity is the reservoir water surface
elevation at the top of the reservoir capacity
allocated to exclusive use for regulation of
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Figure 2-1. Reservoir capacity allocation sheet used by Bureau of Reclamation.
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flood inflows to
downstream.

(3) Maximum Controllable Water
Surface Elevation is the highest reservoir
water surface elevation at which gravity
flows from the reservoir can be completely
shut off.

(4) Top of Joint Use Capacity is the
reservoir water surface elevation a the top
of the reservoir capacity allocated to joint
use, i.e., flood control and conservation
purposes.

(5) Top of Active Conservation
Capacity is the reservoir water surface
elevation at the top of the capacity allocated
to the storage of water for conservation
purposes only.

(6) Top of Inactive Capacity is the
reservoir water surface elevation below
which the reservoir will not be evacuated
under norma conditions.

(7) Top of Dead Capacity is the lowest
elevation in the reservoir from which water
can bc drawn by gravity.

(8) Streambed at the Dam Axis is the
elevation of the lowest point in the
streambed at the axis of the dam prior to
construction. This elevation normally
defines the zero for the area-capacity tables.
(c) Capacity Définitions.

(1) Surcharge Capacity is reservoir
capacity provided for use in passing the
inflow design flood through the reservoir. It
is the reservoir capacity between the
maximum water surface elevation and the
highest of the following eevations:

a. Top of exclusive flood control
capacity.

b. Top of joint use capacity.

c. Top of active conservation
capacity.

(2) Total Capacity is the reservoir
capacity below the highest of the eevations
representing the top of exclusive flood
control capacity, the top of joint use
capacity, or the top of active conservation
capacity. In the case of a natural lake which
has been enlarged, the total capacity
includes the dead capacity of the lake. If the
dead capacity of the natural lake has not

reduce damage
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been measured, specific mention of this fact
should be made. Total capacity is used to
express the total quantity of water which
can be impounded and is exclusive of
surcharge capacity.

(3) Live Capacity is that part of the
total capacity from which water can be
withdrawn by gravity. It is equal to the tota
capacity less the dead capacity.

(4) Active Capacity is the reservoir
capacity normally usable for storage and
regulation of reservoir inflows to meet
established reservoir operating requirements.
Active capacity extends from the highest of
the top of exclusive flood control capacity,
the top of joint use capacity, or the top of
active conservation capacity, to the top of
inactive capacity. It is the total capacity less
the sum of the inactive and dead capacities.

(5) Exclusive Flood Control Capacity
is the reservoir capacity assigned to the sole
purpose of regulating flood inflows to
reduce flood damage downstream. In some
instances the top of exclusive flood control
capacity is above the maximum controllable
water surface elevation.

(6) Joint Use Capacity is the reservoir
capacity assigned to flood control purposes
during certain periods of the year and to
conservation purposes during other periods
of the yesr.

(7) Active Conservation Capacity is the
reservoir  capacity assigned to regulate
reservoir  inflow for irrigation, power,
municipal and industrial use, fish and
wildlife, navigation, recreation, water
quality, and other purposes. It does not
include exclusive flood control or joint use
capacity. The active conservation capacity
extends from the top of the active
conservation capacity to the top of the
inactive capacity.

(8) Inactive Capacity is the reservoir
capacity exclusive of and above the dead
capacity from which the stored water is
normaly not available because of operating
agreements or physical restrictions. Under
abnorma conditions, such as a shortage of
water or a requirement for structura repairs,
water may be evacuated from this space
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after obtaining proper authorization. The
highest applicable water surface elevation
described below usually determines the top
of inactive capacity.

a. The lowest water surface
elevation a which the planned minimum
rate of release for water supply purposes
can be made to cands, conduits, the river,
or other downstream conveyance. This
elevation is normally established during
the planning and design phases and is the
elevation a the end of extreme drawdown
periods.

b. The established minimum water
surface elevation for fish and wildlife
purposes.

c. The established minimum water
surface elevation for recreation purposes.

d. The minimum water surface
elevation as set forth in compacts and/or
agreements with political subdivisions.

e. The minimum water surface
elevation at which the powerplant is
designed to operate.

f. The minimum water surface
elevation to which the reservoir can be
drawn using established operating
procedures without endangering the dam,
appurtenant  structures, or reservoir
shoreline.

g. The minimum water surface
elevation or the top of inactive capacity
established by legidative action.

(9) Dead Capacity is the reservoir
capacity from which stored water cannot be
evacuated by gravity.

2-10. Data to be Submitted.-To complete
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the designs of the dam and its appurtenant
works, the following reservoir design data
should be submitted:

( 1) Area-capacity curves and/or tables
computed to an elevation high enough to alow
for storage of the spillway design flood.

(2) A topographic map of the reservoir site
prepared to an appropriate scale.

(3) Geological information pertinent to
reservoir tightness, locations of mines or
mining claims, locations of oil and natural gas
wells.

(4) Completed reservoir storage alocations
and corresponding elevations.

(5) Required outlet capacities for respective
reservoir water surfaces and any required sill
elevations. Give type and purpose of reservoir
releases and the time of year these must be
made. Include minimum releases required.

(6) Annua periodic fluctuations of reservoir
levels shown by tables or charts summarizing
reservoir operation studies.

(7) Method of reservoir operation for flood
control and maximum permissible releases
consistent with safe channel capacity.

(8) Physical, economic, or legd
to maximum reservoir water surface.

(9) Anticipated occurrence and amounts of
ice (thickness) and floating debris, and possible
effect on reservoir outlets, spillway, and other
appurtenances.

(10) Extent of anticipated wave action,
including a discussion of wind fetch.

(11) Where maintenance of flow into
existing canals is required, determine maximum
and probable carrying capacity of such candl,
and time of year when canals are used.

limitations

E. CLIMATIC EFFECTS

2- 1 1. General. -The climatic conditions
which are to be encountered at the site affect
the design and construction of the dam.
Measures which should be employed during the
construction period to prevent cracking of
concrete must be related to the ambient
temperatures encountered at the site.
Construction methods and procedures may aso
be dependent upon the weather conditions,

since weather daffects the rate of construction
and the overall construction schedule.
Accessibility of the site during periods of
inclement weather affects the construction
schedule and should be investigated.

2-12. Data to be Submitted.-The following
data on climatic conditions should be
submitted as part of the design data

( 1) Weather Service records of mean
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monthly maximum, mean monthly minimum,
and mean monthly air temperatures for the
nearest station to the site. Data on river water
temperatures at various times of the year
should also be obtained.

( 2) Daly readings of maximum and
minimum air temperatures should be submitted
as soon as a station can be established at the
site.

Il

(3) Daily readings of maximum and
minimum river water temperatures should be
submitted as soon as a station can be
established at the site.

(4 Amount and annua variance in rainfal
and snowfal.

(5) Wind velocities and prevailing dircction.

F. CONSTRUCTION MATERIALS

2- 13. Concrete Aggregates. -The
construction of a concrete dam requires the
availability of suitable aggregates in sufficient
guantity to construct the dam and its
appurtenant  structures. Aggregates are usualy
processed from natural deposits of sand, gravel,
and cobbles. However, if it is more practica,
they may be crushed from suitable rock. For
small dams, the aggregates may be obtained
from existing commercial sources. If the
aggregates are obtained from borrow pits or
rock quarries, provisions should be made to
landscape and otherwise restore the areas to
minimize adverse environmental effects. If
aggregates are available from the reservoir area,
particularly below minimum water surface,
their adverse effects would be minimized.
However, any early storage in the reservoir,
prior to completion of the dam, may rule out
the use of aggregate sources in the reservoir.

2-14. Water for Construction
Purposes.-For large rivers, this item is
relatively unimportant except for quality of
the water. For small streams and offstream
reservoirs, water for construction purposes may
be difficult to obtain. An adequate supply of
water for construction purposes such as

washing aggregates and cooling and batching
concrete should be assured to the contractor,
and the water rights should be obtained for
him. If necessary to use ground water,
information on probable sources and yields
should be obtained. Information on locations
and yields of existing wells in the vicinity,
restrictions if any on use of ground water, and
necessary permits should also be obtained.

2-| 5. Data to be Submitted. -In addition to
the data on concrete aggregates and water for
construction purposes, the following data on
construction materials should be obtained:

(1) An earth materials report containing
information on those potentia sources of soils,
sand, and gravel which could be used for
backfill and bedding materials.

(2) Information on riprap for protection of
slopes.

(3) Information on sources and character of
acceptable road surfacing materias, if required.

(4) References to results of sampling,
testing, and analysis of construction materials.

(5) Photographs of sources of construction
materials.

(6) Statement of availability of lumber for
structural  work.

G. SITE SELECTION

2-16. General.-A water resources
development project is designed to perform a
certain function and to serve a particular area

Once the purpose and the service area are

defined, a preliminary site selection can be
made.
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Following the determination of the
adequacy of the water supply as discussed in
subchapter C, the two most important
considerations in selecting a damsite are: (1)
he site must be adequate to support the dam
and the appurtenant structures, and (2) the
area upstream from the site must be suitable
for a reservoir. There are often several suitable
sites along a river where the dam can be
located.

The site finally selected should be that
where the dam and reservoir can be most
economically constructed with a minimum of
interfcrence with local conditions and still
serve their intended purpose. An experienced
engineer can usually eliminate some of the sites
from further consideration. Cost estimates may
be required to determine which of the
remaining sites will provide the most
economical  structure.

2-17. Factors in Site Selection. -In sdlecting
a damsite the following should be considered:

A narrow site will minimize the
amount of materiad in the dam
thus reducing its cost, but
such a site may be adaptable
to an arch dam and this pos-
sibility should be investi-
gated.

The foundation of the dam
should be relatively free of

Topography

Geology
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major faults and shears. If
these are present, they may
require expensive foundation
treatment to assure an ade-
guate foundation.
While the cost of these struc-
tures is usualy less than
the cost of the dam, economy
in design may be obtained by
considering their effect at
the time of site selection.
For example, if a river has
a large flow, a large spill-
way and diversion works will
be required. Selecting a
site which will better accom-
modate these appurtenances
will reduce the overall cost.
Some sites may have roads, rail-
roads, powerlines, canals,
etc., which have to be relo-
cated, thus increasing the
overall costs.
Accessibility of the site has
a very definite effect on the
total cost. Difficult access
may require the construction
of expensive roads. An area
suitable for the contractor's
plant and equipment near the
site will reduce the contrac-
tor's construc tion costs.

Appurtenant
Structures

Local
Conditions

Access

H. CONFIGURATION OF DAM

2-1 8. Nonoverflow Section. -A gravity dam
is a concrete structure designed so that its
weight and thickness insure stability against al
the imposed forces. The downstream face will
usualy be a uniform dope which, if extended,
would intersect the vertical upstream face at or
near the maximum reservoir water level. The
upper portion of the dam must be thick
enough to resist the shock of floating objects
and to provide space for a roadway or other
required access. The upstream face will
normally be vertica. This concentrates most of
the concrete weight near the upstream face

where it will be most effective in overcoming
tensile stresses due to the reservoir water
loading. The thickness is also an important
factor in resistance to diding and may dictate
the dope of the downstream face. Thickness
may aso be increased in the lower part of the
dam by an upstream batter.

2-19. Overflow Section.-The spillway may
be located either in the abutment or on the
dam. If it is located on a portion of the dam,
the section should be similar to the abutment
section but modified a the top to
accommodate the crest and at the toe to
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accommodate the energy dissipator. The
elevation of the crest and its shape will be
determined by hydraulic requirements, and the
shaping at the toe by the energy dissipator.
Stability requirements for the overflow section

. FOUNDATION

2-20. Purpose.-The purpose of a
foundation investigation is to provide the data
necessary to properly evaluate a foundation. A
properly sequenced and organized foundation
investigation will provide the data necessary to
evaluate and analyze the foundation at any
stage of investigation.

2-21. Fidd Investigations.-The collection,
study, and evaluation of foundation data is a
continuing program from the time of the
appraisal investigation to the completion of
construction. The data collection begins with
an appraisal and continues on a more detailed
basis through the design phase. Data are aso
collected continuously during construction to
correlate with previously obtained information
and to evaluate the need for possible design
changes.

(@ Appraisal Investigation.-The appraisal
investigation includes a preliminary selection of
the site and type of dam. All available geologic
and topographic maps, photographs of the site
area, and data from field examinations of
natural outcrops, road cuts, and other surface
conditions should be utilized in the selection of
the site and preliminary evaluation of the
foundation.

The amount of investigation necessary for
appraisal  will vary with the anticipated
difficulty of the foundation. In general, the
investigation should be sufficient to define the
major geologic conditions with emphasis on
those which will affect design. A typical
geologic map and profile are shown on figures
2-2 and 2-3.

The geologic history of a site should be
thoroughly studied, particularly where the
geology is complex. Study of the history may
assist in recognizing and adequately
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may involve some changes from the theoretical
hydraulic shapes. Hydraulic design of the
overflow section is discussed fully in chapter
IX. For structural design of the dam see
chapters 11l and IV.

INVESTIGATIONS

investigating hidden but potentially dangerous
foundation conditions.

Diamond core drilling during appraisal
investigations may be necessary in more
complex foundations and for the foundations
for larger dams. The number of drill holes
required will depend upon the areal extent and
complexity of the foundation. Some
foundations may require as few as three or four
drill holes to define an uncertain feature.
Others may require substantially more drilling
to determine foundation treatment for a
potentially dangerous foundation condition.

Basic data that should be obtained during

the appraisal investigation, with refinement
continuing until the construction is complete,
are:

(1) Dip, dtrike, thickness, composition, and
extent of faults and shears.

(2) Depth of overburden.

(3) Depth of weathering.

(4) Joint orientation and continuity.

(5) Lithology throughout the foundation.

(6) Physical properties tests of the
foundation rock. Tests performed on similar
foundation materials may be used for
estimating the properties in the appraisal
phase.

(b) Feasibility Investigation. -During the
feasibility phase, the location of the dam is
usualy finalized and the basic design data are
firmed up. The geologic mapping and sections
are reviewed and supplemented by additiond
data such as new surveys and additional drill
holes. The best possible topography should be
used. In most cases, the topography is easly
obtained by aerid photogrammetry to amost
any scale desired.

The drilling program is generally the means
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of obtaining the additional data required for
the feasibility stage. The program takes
advantage of any knowledge of special
conditions revealed during the appraisal
investigation. The drill holes become more
specifically oriented and increased in number
to better define the foundation conditions and
determine the amount of foundation treatment
required.

The rock specimens for laboratory testing
during the feasibility investigations are usually
nominal, as the actua decision for construction
of the dam has not yet been made. Test
specimens should be obtained to determine
more accurately physical properties of the
foundation rock and for petrographic
examination. Physical properties of joint or
fault samples may be estimated by using
conservative values from past testing of similar
materials. The similarity of materials can be
judged from the cores retrieved from the
drilling.

(c) Final Design Da&.-Final design data
are required prior to the preparation of the
specifications. A detailed foundation
investigation is conducted to obtain the fina
design data. This investigation involves as many
drill holes as are necessary to accurately define
the following items:

(1) Strike, dip, thickness, continuity,
and composition of all faults and shears in
the foundation.

(2) Depth of overburden.

(3) Depth of weathering throughout
the foundation.

(4) Joint orientation and continuity.

(5) Lithologic variability.

(6) Physical properties of the
foundation rock, including materia in the
faults and shears.

The foundation investigation may involve,
besides diamond core drilling, detailed mapping
of surface geology and exploration of dozer
trenches and exploratory openings such as
tunnels, drifts, and shafts. The exploratory
openings can be excavated by contract prior to
issuing final specifications. These openings
provide the best possible means of examining
the foundation. In addition, they provide
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excellent in situ testing locations and areas for
test specimen collection.

In addition to test specimens for
determining the physica properties, specimens
may be required for final design for use in
determining the shear strength of the rock
types, healed joints, and open joints. This
information may be necessary to determine the
stability of the foundation and is discussed as
the shear-friction factor in subchapter F of
chapter 1I1.

Permeability tests should be performed as a
routine matter during the drilling program. The
information obtained can be utilized in
establishing flow nets which will aid in
studying uplift conditions and establishing
drainage systems. The permeability testing
methods presently used by the Bureau of
Reclamation are described in designation E-18
of the Earth Manual [4] and the report
entitted “Drill Hole Water Tests-Technical
Instructions,” published by the Bureau of
Reclamation in July 1972.

2-22. Construction Geology. -The geology
as encountered in the excavation should be
defined and compared with the preexcavation
geology. Geologists and engineers should
consider carefully any geologic change and
check its relationship to the design of the
structure.

As-built geology drawings should be
developed even though revisions in design may
not be required by changed geologic
conditions, since operation and maintenance
problems may develop requiring de tailed
foundation information.

2-23. Foundation Analysis Methods. -In
most instances, a gravity dam is keyed into the
foundation so that the foundation will
normaly be adequate if it has enough bearing
capacity to resist the loads from the dam.
However, a foundation may have faults, shears,
seams, joints, or zones of inferior rock that
could develop unstable rock masses when acted
on by the loads of the dam and reservoir. The
safety of the dam against diding along a joint,
fault, or seam in thc foundation can bc
determined by computing the shear-friction
factor of safety. This method of analysis is
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explained in subchapter F of chapter III. If
there are severa joints, faults, or seams aong
which failure can occur, the potentially
unstable rock mass can be analyzed by a
method called rigid block analysis. This
method is explained in detail in subchapter F
of chapter 1V. These methods of analysis may
also be applied to slope stability problems.

The data required for these two methods of
analysis are :

(1) Physical properties.

(2) Shearing and sliding strengths of
the discontinuities and the rock.

(3) Dip and strike of the faults, shears,
seams, and joints.

(4) Limits of the potentially unstable
rock mass.

(5) Uplift pressures on the failure
surfaces.

(6) Loads to be applied to the rock
mass.

When a foundation is interspersed by many
faults, shears, joints, seams, and zones of
inferior rock, the finite element method of
analysis can be used to determine the bearing
capacity and the amount of foundation
treatment required to reduce or eliminate areas
of tension in the foundation. The description
of this method can be found in subchapter E of
chapter IV. In addition to the data required for
the rigid block analysis, the finite element
analysis requires the deformation moduli of the
various parts of the foundation.

2-24. In Stu Testing.-In situ shear tests
[ 5] are more expensive than similar laboratory
tests, consequently, comparatively few can be
run. The advantage of a larger test surface may
require that a few in situ tests be supplemented
by a greater number of laboratory tests. The
shearing strength relative to both horizontal
and verticd movement should be obtained by
either one or a combination of both methods.

Foundation permeability tests may be run in
conjunction with the drilling program or as a
special program. The tests should be performed
according to designation E-18 of the Earth
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Manual [4] and the report entitted “Drill Hole
Water Tests-Technical Instructions,”
published by the Bureau of Reclamation in
July 1972.

2-25. Laboratory Testing. -The following
laboratory tests are standard and the methods
and test interpretations should not vary
substantially from one laboratory to another.
A major problem involved with laboratory
testing is obtaining representative samples.
Sample size is often dictated by the laboratory
equipment and is a primary consideration.
Following is a list of laboratory tests:

Physical Properties Tests

(1) Compressive strength
(2) Elastic modulus

(3) Poisson’'s ratio

(4) Bulk specific gravity
(5) Porosity

(6) Absorption

Shear Tests

Perform on intact
specimens and
those with heaed

(1) Direct shear

(2) Triaxia shear

joints

(3) diding friction  Perform on open
joints

Other Tests

(1) Solubility

(2) Petrographic andysis

2-26. Consistency of Presentation of
Data. It is important that the design engineers,
laboratory personnel, and geologists be able to
draw the same conclusions from the
information presented in the investigations.
The standardization of the geologic
information and laboratory test results is
therefore essential and is becoming increasingly
so with the newer methods of analyss.
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J. CONSTRUCTION ASPECTS

2-27. General.-The construction problems
that may be encountered by the contractor in
constructing the dam and related features
should be considered early in the design stage.
One of the major problems, particularly in
narrow canyons, is adequate area for the
contractor's construction plant and equipment
and for storage of materials in the proximity of
the dam. Locating the concrete plant to
minimize handling of the concrete and the
aggregates and cement can materidly reduce
the cost of the concrete.

Permanent access roads should be located to
facilitate the contractor’'s activities as much as
practicable. This could minimize or eliminate
unsightly abandoned construction roads.
Structures should be planned to accommodate
an orderly progression of the work. The length
of the construction season should be
considered. In colder climates and at higher
elevations it may be advantageous to suspend
all or part of the work during the winter
months. Adequate time should be alowed for

construction so that additional costs for
expedited work are not encountered.
2 - 28. Construction Schedule. -The

contractor’'s possible methods and timing of
construction should be considered at al times
during the design of the dam and its
appurtenant structures. Consideration of the
problems which may be encountered by the
contractor can result in significant savings in
the cost of construction. By developing an
anticipated construction schedule, potential
problems in the timing of congruction of the
various parts can be identified. If practicable,
revisions in the design can be made to eliminate
or minimize the effect of the potential
problems. The schedule can be used to program

K. MISCELLANEOUS

2-29. Data to be Submitted.-Many items
not covered above affect the design and
construction of a dam. Some of these are noted
below. In securing and preparing design data,

supply contracts and other construction
contracts on related features of the project. It
is also useful as a management tool to the
designer in  planning his work so that
specifications and construction drawings can be
provided when needed.

The congtruction schedule can be made by
severd methods such as Critical Path Method
(CPM), Program Evaluation and Review
Technique (PERT), and Bar Diagram. Figure
2-4 shows a network for a portion of a
hypothetical project for a CPM schedule. Data
concerning the time required for various parts
of the work and the interdependencies of parts
of the work can be programmed into a
computer which will calculate the critica path.
It will also show dack time or areas which are
not critical. In this example, there are two
paths of activities. The path which is critical is
the preparation of specifications, awarding of
contract, and the construction of “A,” “B,”
and “D”. The second path through
construction of “C” and “E” is not critical. As
the work progresses, the current data on the
status of al the phases of work completed and
in progress can be fed back into the computer.
The computer will then recompute the criticd
path, thus establishing a new path if another
phase of the work has become critical, and will
point out any portion of the work that is
faling behind the required schedule.

Figure 2-5 shows the construction schedule
for the hypothetica project on a bar diagram.
This diagram is made by plotting bars to the
length of time required for each portion of the
work and fitting them into a time schedule,
checking visually to make sure interrelated
activities are properly sequenced.

CONSIDERATIONS

the adequacy and accuracy of the data should
contemplate their possible subsequent utility
for expansion into specifications design data
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(1) Details of roadway on crest of dam (and 2-30. Other Considerations. -Design

approaches) if required.

(2) Present or future requirement for
highway crossing on dam.

(3) Details on fishways and screens, with
recommendations of appropriate fish
authorities.

(4) Existing works to be replaced by
incorporation into dam.

(5) Future powerplant or
development .

(6) Navigation facilities.

(7) Possibility of raising crest of dam in
future.

(8) Anticipated future river channel
improvement or other construction which
might change downstream river regimen.

(9) Recreational facilities anticipated to be
authorized, and required provisions for public
safety.

( 10) Recommended period of construction.

(11) Commitments for delivery of water or
power.

(12) Designation of areas within
right-of-way boundaries for disposa of waste
materials.

power

consideration must take into account
construction procedures and costs. An early
evaluation and understanding of these is
necessary if a rapid and economical
construction of the dam is to be attained.

Designs for mass concrete structures and
their appurtenances should be such that
sophisticated and special construction
equipment will not be required. Thin, curved
walls with close spacing of reinforcement may
be desirable for several reasons, and may
represent the minimum cost for materials such
as cement, flyash, admixtures, aggregates, and
reinforcing steel. However, the cost of forming
and labor for construction of this type and the
decreased rate of concrete placement may
result in a much higher total cost than would
result from a simpler structure of greater
dimensions.

Design and construction requirements
should permit and encourage the utilization of
machine power in place of manpower wherever
practicable. Any reduction in the regquirement
for high-cost labor will result in a significant
cost savings in the completed structure. Work
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areas involved in a high labor use include the
placing, compaction, and curing of the
concrete, the treatment and cleanup of
construction joints, and the repair and finishing
of the concrete surfaces.

Forming is a significant cost in concrete
structures. Designs should permit the simpler
forms to be used, thus facilitating fabrication,

DESIGN OF GRAVITY DAMS

installation, and removal of the forms.
Repetitive use of forms will materidly reduce
forming costs. Although wooden forms are
lower in initiad cost, they can only be used a
limited number of times before they warp and
fail to perform satisfactorily. The reuse of steel
forms is limited only by the designs and the
demands of the construction schedule.
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<<Chapter Il

Design Data and Criteria

A. INTRODUCTION

3 - 1. Basic Assumptions. -Computational
methods require some basic assumptions for
the analysis of a gravity dam. The assumptions
which cover the continuity of the dam and its
foundation, competency of the concrete in the
dam, adequacy of the foundation, and
variation of stresses across the sections of the
dam are as follows:

(1) Rock formations at the damsite are, or
will be after treatment, capable of carrying the
loads transmitted by the dam with acceptable
stresses.

(2) The dam is thoroughly bonded to the
foundation rock throughout its contact with

the canyon.
(3) The concrete in the dam is
homogeneous, uniformly elastic in all

directions, and strong enough to carry the
applied loads with stresses below the elastic
limit.

(4) Contraction joints that are keyed and
grouted may be considered to create a
monolithic structure, and loads may be
transferred horizontally to adjacent blocks by
both bending and shear. If the joints are keyed
but not grouted, loads may be transferred
horizontally to adjacent blocks by shear across
the keys. Where joints are neither keyed nor
grouted, the entire load on the dam will be
transferred vertically to the foundation. If
joints are grouted, they will be grouted before
the reservoir loads are applied so that the
structure acts monolithicaly.

(5) Horizontal and vertical stresses vary
linearly from the upstream face to the
downstream face.

(6) Horizontal shear stresses have a
parabolic variation from the upstream face to
the downstream face.

B. CONCRETE

3-2. Concrete Properties. -A gravity dam
must be constructed of concrete which will
meet the design criteria for strength, durability,
permeability, and other properties. Although
mix proportions are usually controlled by
strength and/or durability requirements, the
cement content should be held to an
acceptable minimum in order to minimize the
heat of hydration. Properties of concrete vary
with age and with proportions and types of
ingredients.

Tests must be made on specimens using the
full mass mix and the specimens must be of
sufficient age to adequately evaluate the
strength and elastic properties which will exist
for the concrete inthe dam [ 111,

(a) Strength.-The strength of concrete
should satisfy early load and construction
requirements, and at some specific age should

‘Numbers in brackets refer to items in the bibliography,
sec. 3-23.
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have the specified compressive strength as
determined by the designer. This specific age is
often 365 days but may vary from one
structure to another.

Tensile strength of the concrete mix should
be determined as a companion test series using
the direct tensile test method.

Shear dsrength is a combination of interna
friction, which varies with the normal
compressive  stress, and cohesive strength.
Companion series of shear strength tests should
be conducted at several different normal stress
values covering the range of norma stresses to
be expected in the dam. These values should be
used to obtain a curve of shear strength versus
normal stress.

(b) Elastic Properties.-Concrete is not a
truly elastic material. When concrete is
subjected to a sustained load such as may be
expected in a dam, the deformation produced
by that load may be divided into two
parts-the elastic deformation, which occurs
immediately due to the instantaneous modulus
of eladticity; and the inelastic deformation, or
creep, which develops gradually and continues
for an indefinite time. To account for the
effects of creep, the sustained modulus of
elagticity is used in the design and anaysis of a
concrete dam.

The dtress-strain curve is, for al practica
purposes, a straight line within the range of
usual working stresses. Although the modulus
of eadticity is not directly proportiona to the
strength, the high strength concretes usually
have higher moduli. The usua range of the
instantaneous  modulus of elasticity for
concrete at 28-day age is between 2.0 x 108
and 6.0 x 108 pounds per sguare inch.

(c) Thermal Properties.-The effects of
temperature change on a gravity dam are
dependent on the thermal properties of the
concrete. Thermal properties necessary for the
evaluation of temperature effects are the
coefficient of thermal expansion, thermal
conductivity, and specific heat [7]. The
coefficient of therma expansion is the length
change per unit length per degree temperature
change. Thermal conductivity is the rate of
heat conduction through a unit thickness over
a unit area of the material subjected to a unit
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temperature difference between faces. The
specific heat is defined as the amount of heat
required to raise the temperature of a unit mass
of the material 1 degree. Diffusivity of
concrete is an index of the facility with which
concrete will undergo temperature change.
Diffusivity is a function of the values of
specific heat, thermal conductivity, and
density.

(d) Dynamic Properties.-Concrete, when
subjected to dynamic loadings, may exhibit
characteristics unlike those occurring during
static loadings. Testing is presently underway
in the Bureau's laboratory to determine the
properties of concrete when subjected to
dynamic loading. Until sufficient test data are
available, satic strengths and the instantaneous
modulus of elasticity should be used.

(e) Other Properties.-In addition to the
strength, elastic modulus, and thermal
properties, several other properties of concrete
should be evaluated during the laboratory
testing program. These properties, which must
be determined for computations of
deformations and stresses in the concrete
sfrucfures, are Poisson’s ratio, unit weight, and
any autogenous growth or drying shrinkage.

(f) Average Concrete Properties.-For
preliminary studies until laboratory test data
are available, the necessary values may be
estimated from published data [2] for similar
tests. Until long-term load tests are made to
determine the effects of creep, the sustained
modulus of elasticity should be taken as 60 to
70 percent of the laboratory value of the
instantaneous modulus of elagticity.

If no tests or published data are available,
the following may be assumed for preliminary
studies:

Specified compressive strength = 3,000 to

5,000 p.s..

Tensile strength = 4 to 6 percent of the

compressive  strength

Shear strength:

Cohesion = 10 percent of the compressive
strength
Coefficient of interna friction = 1 .0
Sustained modulus of elasticity = 3.0 x 10°
p.s.i. (static load including effects of
creep)
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Instantaneous modulus of dagticity = 5.0 X
10¢ p.s.i. (dynamic or short time load)
Coefficient of thermal expansion = 5.0 X

1 0-® per degree F.
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Poisson’s ratio = 0.20
Unit weight of concrete = 150 pounds per
cubic foot.

C. FOUNDATION

3-3. Introduction.-Certain information
concerning the foundation is required for
design of the gravity dam section. The design
of the dam and any treatment to the
foundation (see sec. 6-3) to improve its
properties are considered separate problems. If
treatments are applied to the foundation, the
data used for the design of the dam should be
based on the properties of the foundation after
treatment. A geologic investigation is required
to determine the genera suitability of the site
and to identify the types and structures of the
materials to be encountered. After these
identifications have been made the following
three parameters should be determined:

(1) For each material the shear strengths of
intact portions, the diding friction strengths of
discontinuities, and the shear strength at each
interface with a different material (including
the srength a the interface of concrete and
the material exposed on the completed
excavated surface).

(2) The permeability of each material.

(3) The deformation modulus of the
foundation.

The discussion of foundation investigation in
chapter 1l (secs. 2-20 through 2-26) lists the
physica properties normally required and the
samples desired for various foundation
materials.

3 -4. Foundation Deformation. -Accurate
knowledge of the modulus of deformation of
the foundation of a gravity dam is required to:

( 1) Determine the extent of relative
deformation between locations where physica
properties vary along the foundation in the
vertical or horizontal directions.

(2) Determine the stress concentrations in
the dam or foundation due to local low
modulus regions adjacent to or below the dam.

(3) Determine the stress distribution to be

used in detailed stability studies.

The foundation investigation should provide
information related to or giving deformation
moduli and elastic moduli. (Deformation
modulus is the ratio of stress to elastic plus
inelastic strain. Elastic modulus is the ratio of
stress to elastic strain.) The information
includes elastic modulus of drill core
specimens, elastic modulus and deformation
modulus from in situ jacking tests, deformation
modulus of fault or shear zone materia, and
logs of the jointing occurring in recovered drill
cores. Knowledge of the variation in materias
and their relative prevalence at various
locations aong the foundation is provided by
the logs of drill holes and by any tunnels in the
foundation.

When the composition of the foundation is
nearly uniform over the extent of the dam
contact, has a regular jointing pattern, and is
free of low modulus seams, the three
conditions listed above do not exist and thus
an accurate deformation modulus is not
required. An estimate based on reduction of
the elastic modulus of drill core specimens will
suffice. However, when a variation of materids,
an irregular jointing pattern, and fault and
shear zones exist, the deformation moduli of
each type of materia in the foundation will be
required for design. The analysis of the
interaction of the dam and foundation may be
accomplished by using finite element anayss.

The moduli values are determined by
laboratory or in situ testing, and if necessary
are modified to account for factors not
included in the initia testing. The modification
to the modulus vaue of rock may be
determined according to the rock quality index
[3] or joint shear index [4]. Modification of
the moduli values for shear or fault zone
material may be required if the geometry of
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the zone is quite variable. An example of such
a modification is given in reference [ 4 ] .

3-5. Foundation Strength. -Compressive
strength of the foundation rock can be an
important factor in determining thickness
requirements for a dam at its contact with the
foundation. Where the foundation rock is
nonhomogeneous, a sufficient number of tests,
as determined by the designer, should be made
to obtain compressive strength values for each
type of rock in the loaded pat of the
foundation.

A determination of tensile strength of the
rock is seldom required because discontinuities
such as unhealed joints and shear seams cannot
transmit tensile stress within the foundation.

Resistance to shear within the foundation
and between the dam and its foundation results
from the cohesion and internal friction
inherent in the materids and a the
concrete-rock contact. These properties are
found from laboratory and in situ testing as
discussed in sections 2-24 and 2-25. However,
when test data are not available, values of the
properties may be estimated (subject to the
limitations discussed below) from published
data [2, 5, 6] and from tests on similar
materials.

The results of laboratory triaxial and direct
shear tests, as well as in situ shear tests, will
typically be reported in the form of the
Coulomb  equation,

R=CA+Ntan¢ (n
where:

R = shear resistance,

C = unit cohesion,

A = area of section,

N = effective norma force, and
tan ¢ = tangent of angle of friction,

which defines a linear relationship between
shear resistance and norma load. Experience
has shown that such a representation of shear
resistance is usualy redistic for most intact
rock. For other materials, the relationship may
not be linear and a curve of shear strength
versus normal load should be used as discussed
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later for the condition of an existing joint.
Also, it may be very difficult to differentiate
between cohesive and friction resistance for
materials other than intact rock.

In the case of an exigting joint in rock, the
shear strength is derived basicaly from dliding
friction and usually does not vary linearly with
the normal load. Therefore, the shear resistance
should be represented by a curve of shear
resistance versus normal load, as shown by the
curve OA in figure 3. If a draight line? BC,
had been used, it would have given values of
shear resistance too high where it is above the
curve OA, and values too low where it is below.
A linear variation may be used to represent a
portion of the curve. Thus, the line DE can be
used to determine the shear resistance for
actual normal loads between N; and N,
without significant error. However, for norma
loads below N, or above N, , its use would give
a shear resistance which is too high and the
design would therefore be unsafe.

Other potential diding planes, such as shear
zones and faults, should be checked to
determine if the shear resistance should be
linear or curvilinear. As with the jointed rock, a
linear variation can be assumed for a limited
range of normal loads if tests on specimens
verify this type of variation for that range of
normal loads.

The specimens tested in the laboratory or in
situ are usualy small with respect to the planes
analyzed in design. Therefore, the scale effect
should be carefully considered in determining
the shear resistance to be used in design.

SHEAR RESISTANGE (R}

NORMAL LOAD {N)

Figure 3-1. Shear resistance on an existing joint in
rock.-288-D-2957
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Among the factors to be considered in
determining the scale effect at each site are the
following:

( 1) Comparisons of tests of various sizes.

(2) Geologica variations aong the potentia
diding planes.

(3) Current research on scale effect.

When a foundation is nonhomogeneous, the
potential diding surface may be made up of
different materials. The total resistance can be
determined by adding the shear resistances
offered by the various materials, as shown in
the following equation:

R, =Ry +R, +Ry+---+- R, (2)
where :

R, = tota resistance, and
R,, R,, R;, etc. = resistance offered by
the various materials.

When determining the shear resistance
offered by the various materias, the effect of
deformation should be considered. The shear
resistance given by the Coulomb equation or
the curves of shear resistance versus normal
load are usually the maximum for the test
specimen without regard to deformation. Some
materials obtain their maximum resistance with
less deformation than others. For example,
intact rock will not deform as much as a joint
in rock or a sheared zone when maximum shear
resistance of the materid is reached.

The following example illustrates the
importance of including the effect of
deflection in determining the resistance offered
by each material in nonhomogeneous
foundations. This example has only 5 percent
intact rock to emphasize that a small quantity
of high-strength intact rock can make a
significant contribution to the tota resistance.
Such a situation is not normally encountered
but can and has occurred.

Example: Determine the shear resistance on
a potential dliding plane which is 1,000 sguare
feet in area for the following conditions:

(1) Normal load, N = 10,000 kips.

(2) The plane is 5 percent intact rock (A, =
50 square feet), 20 percent sheared material
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(A, = 200 sguare feet), and 75 percent joint
(4; = 750 square feet).

(3) The values of cohesion and tan ¢ for
each material are as follows:

Cohesion
Material (p.s.f) Tan ¢
Intact rock 200,000 1.80
Sheared material 3,000 0.30
Joint 0 0.75

(4) The norma load on each materia is.

Intact rock N, = 2,000 kips
Sheared material N, = 1,000 kips
Joint N; = 7,000 Kips

The shear resistance is determined as follows:

R, =200.000650) , 3 55 oop)

= 13,600 kips

—3,000(200)
Ry=""1000 *+03(1,000

= 900 kips

_0(750)
R; = g0+ 0.75(7.000)

= 5,250 kips

R,

13,600 + 900 + 5,250

19,750 kips

For this example, an analysis of the shear
strength versus deflection shows that the
movement of the intact rock at failure is 0.02
inch. At this deflection the sheared material
will have developed only 50 percent of its
strength and the joint only 5 percent.
Therefore, the actual developed strength a the
time the rock would fail is:

13,600 + 900 X 0.50 + 5,250 x 0.05
= 14,312 kips.
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This is aout 70 percent of the maximum shear
strength computed above without considering
deformation.

In some situations, the potential sliding
surface comprised of several different materials
may exhibit greater total shear resistance after
any intact materids are sheared. For example,
if the cohesive strength of intact rock is low
but the norma load acting on the total surface
is large, the sliding friction strength of the
combined materials can exceed the shear
resistance determined before the rock is
sheared. For this reason, a second analysis
should be performed which considers only the
diding friction strength of the surfaces.

3-6. Foundation Permeability. -The design
of a gravity dam and its foundation requires a
knowledge of the hydrostatic pressure
distribution throughout the foundation. The
exit gradient for shear zone materials that
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surface near the downstream toe of the dam
should also be determined to check against the
possibility of piping (see sec. 6-4).

The laboratory values for permeability of
sample specimens are applicable only to that
portion or portions of the foundation which
they represent. The permeability is controlled
by a network of geological features such as
joints, faults, and shear zones. The
permeability of the geologic features can be
determined best by in situ testing. Pressure
distributions for design should include the
appropriate influences of the permeability and
extent of all the foundation materials and
geologic features. Such a determination may be
made by severa methods including two- and
three-dimensional physical models, two- and
three-dimensional finite element models, and
electric analogs.

D. LOADS

3-7. Reservoir and Tailwater. -Reservoir and
taillwater loads to be applied to the structure
are obtained from reservoir operation studies
and tailwater curves. These studies are based on
operating and hydrologic data such as reservoir
capacity, dorage dlocations, streamflow
records, flood hydrographs, and reservoir
releases for al purposes. A design reservoir can
be derived from these operation studies which
will reflect a norma high water surface.

The hydrostatic pressure at any point on the
dam is equal to the hydraulic head at that
point times the unit weight of water (62.4 Ib.
per cu. ft.).

The norma design reservoir elevation is the
highest elevation that water is normaly stored.
It isthe Top of Joint Use Capacity, if joint use
capacity is included. If not, it is the Top of
Active Conservation Capacity. For definitions
of reservoir capacities, see section 2-9.

Maximum design reservoir elevation is the
highest anticipated water surface elevation and
usualy occurs in conjunction with the routing
of the inflow design flood through the
reservoir.

The tailwater elevation used with a
particular reservoir elevation should be the
minimum that can be expected to occur with
that reservoir elevation.

3-8. Temperature. -Volumetric changes due
to temperature change [7] will transfer load
across transverse contraction joints if the joints
are grouted. These horizontal thrusts will then
result in twist effects and in additional loading
of the abutments. These effects may or may
not be beneficid from a stress and stability
standpoint and should be investigated using the
“Trial-Load Twist Method of Analysis”
discussed in chapter IV (secs. 4-25 through
4-29).

When making studies to determine concrete
temperature loads, varying weather conditions
can be applied. Similarly, a widely fluctuating
reservoir water surface will affect the concrete
temperatures. In determining temperature
loads, the following conditions and
temperatures are used:

( 1) Usual weather conditions.-The
combination of daily air temperatures, a
I-week cycle representative of the cold
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(hot) periods associated with barometric
pressure changes, and the mean monthly
air temperatures. This condition will
account for temperatures which are
halfway between the mean monthly air
temperatures and the minimum
(maximum) recorded air temperatures at
the site.

(2) Usual concrete temperatures.-The
average concrete temperatures between
the upstream and downstream faces which
will result from usual air temperatures,
reservoir water temperatures associated
with the design reservoir operation, and
solar radiation.

Sccondary stresscs can occur around
openings and at the faces of the dam due to
temperature differentials. These temperature
differentials are caused by differences in the
temperature of the concrete surfaces due to
ambient ar and water temperature variations,
solar radiation, temperature of air or water in
openings, and temperature of the concrete
mass. These secondary stresses are usually
localized near the faces of the dam and may
produce cracks which give an unsightly
appearance. |If stress concentrations occur
around openings, cracking could lead to
progressive deterioration. Openings filled with
water, such as outlets, are of particular concern
since cracks, once formed, would fill with
water which could increase the uplift or pore
pressure within the dam.

3-9. Internal Hydrostatic Pressures.—
Hydrostatic pressures from reservoir water and
tailwater act on the dam and occur within the
dam and foundation as internal pressures in the
pores, cracks, joints, and seams. The
distribution of pressure through a horizontal
section of the dam is assumed to vary linearly
from full hydrostatic head at the upstream face
to zero or tailwater pressure at the downstream
face, provided the dam has no drains or unlined
water passages. When formed drains are
constructed, the internal pressure should be
modified in accordance with the size, location,
and spacing of the drains. Large unlined
penstock trandsitions or other large openings in
dams will require special modification of
internal pressure patterns. Pressure distribution
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in the foundation may be modified by the
ground water in the general area.

The internal pressure distribution through
the foundation is dependent on drain size,
depth, location, and spacing; on rock porosity,
jointing, faulting; and to some extent on the
grout curtain. Determination of such pressure
distribution can be made from flow nets
computed by several methods including two-
and three-dimensional physical models, two-
and three-dimensional finite element models,
and electric analogs. Such a flow net, modified
by effects of drainage and grouting curtains,
should be used to determine internal pressure
distribution. However, the jointing, faulting,
variable pcrmeability, and other geologic
features which may further modify the flow
net should be given full consideration.

The component of internal hydrostatic
pressure acting to reduce the vertical
compressive stresses in the concrete on a
horizontal section through the dam or at its
base is referred to as uplift or pore pressure.
Records are kept of the pore pressure
measurements in most Bureau of Reclamation
dams. Figure 3-2 illustrates actual measured
uplift pressures at the concrete-rock contact as
compared with design assumptions for Shasta
Dam.

Laboratory tests indicate that for practica
purposes pore pressures act over 100 percent of
the area of any section through the concrete.
Because of possible penetration of water aong
congtruction joints, cracks, and the foundation
contact, internal pressures should be
considered to act throughout the dam. It is
assumed that the pressures are not affected by
earthquake acceleration because of the
transitory nature of such accelerations.

Internal hydrostatic pressures should be used
for andyses of the foundation, the dam, and
overall stability of the dam at its contact with
the foundation.

For preliminary design purposes, uplift
pressure distribution in a gravity dam is
assumed to have an intensity at the line of
drains that exceeds the taillwater pressure by
one-third the differential between headwater
and tailwater levels. The pressure gradient is
then extended to headwater and tailwater
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Figure 32. Comparison of assumed and uplift pressures on a gravity dam (Shasta Dam in California).-288-D-2959

levels, respectively, in dtraight lines. If there is
no tailwater, the downstream end of a similar
pressure diagram is zero at the downstream
face. The pressure is assumed to act over 100
percent of the area

In the finad design for a dam and its
foundation, the internal pressures within the
foundation rock and at the contact with the
dam will depend on the location, depth, and
spacing of drains as well as on the joints,
shears, and other geologic structures in the
rock. Internal pressures within the dam depend
on the location and spacing of the drains.
These interna hydrostatic pressures should be

determined from flow nets computed by
electric analogy analysis, three-dimensional
finite element analysis, or other comparable
means.

3-10. Dead Load.-The magnitude of dead
load is considered equal to the weight of
concrete plus appurtenances such as gates and
bridges. For preliminary design the unit weight
of concrete is assumed to be 150 pounds per
cubic foot. For final design the unit weight of
concrete should be determined by Ilaboratory
tests.

3-11. Ice. -Existing design information on
ice pressure is inadequate and somewhat
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approximate. Good analytical procedures exist
for computing ice pressures, but the accuracy
of results is dependent upon certain physica
data which must come from field and
laboratory tests [8].

Ice pressure is created by thermal expansion
of the ice and by wind drag. Pressures caused
by thermal expansion are dependent on the
temperature rise of the ice, the thickness of the
ice sheet, the coefficient of expansion, the
elastic modulus, and the strength of the ice.
Wind drag is dependent on the size and shape
of the exposed area, the roughness of the
surface, and the direction and velocity of the
wind. Ice loads are usualy transitory. Not all
dams will be subjected to ice pressure, and the
designer should decide after consideration of
the above factors whether an alowance for ice
pressure is appropriate. The method of
Monfore and Taylor [9] may be used to
determine the anticipated ice pressure. An
acceptable estimate of ice load to be expected
on the face of a structure may be taken as
10,000 pounds per linear foot of contact
between the ice and the dam, for an assumed
ice depth of 2 feet or more when basic data are
not available to compute pressures.

3-12. Sift.-Not al dams will be subjected to
silt pressure, and the designer should consider
al avalable hydrologic data before deciding
whether an allowance for silt pressure is
necessary. Horizontal silt pressure is assumed
to be equivalent to that of a fluid weighing 85
pounds per cubic foot. Vertical silt pressure is
determined as if silt were a soil having a wet
density of 120 pounds per cubic foot, the
magnitude of pressure varying directly with
depth. These values include the effects of water
within the silt.

3- 13. Earthquake. -Concrete dams are
elastic structures which may be excited to
resonance when subjected to seismic
disturbances. Two steps are necessary to obtain
loading on a concrete dam due to such a
disturbance. First, an estimate of magnitude
and location must be made of the earthquake
to which the dam will be subjected and the
resulting rock motions a the site determined.
The second step is the analysis of the response
of the dam to the earthquake by either the
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response spectrum or time-history method.

Most earthquakes are caused by crustal
movements of the earth along faults. Geologic
examinations of the area should be made to
locate any faults, determine how recently they
have been active, and estimate the probable
length of fault. Seismological records should
aso be studied to determine the magnitude and
location of any earthquakes recorded in the
area. Based on these geological and historical
data, hypothetical earthquakes usually of
magnitudes greater than the historical events
are estimated for any active faults in the area
These earthquakes are considered to be the
most severe earthquakes associated with the
faults and are assumed to occur at the point on
the fault closest to the site. This defines the
Maximum Credible Earthquake and its location
in terms of Richter Magnitude M and distance
d to the causative fault.

Methods of determining a design earthquake
that represents an operating-basis event are
under development These methods should
consider historical records to aobtain frequency
of occurrence versus magnitude, useful life of
the structure, and a statistical approach to
determine probable occurrence of various
magnitude earthquakes during the life of the
structure.  When future developments produce
such methods, suitable safety factors will be
included in the criteria

The necessary parameters to be determined
at the site using attenuation methods [ 101 are
acceleration, predominant period, duration of
shaking, and frequency content.

Attenuation from the fault to the site is
generaly included directly in the formulas used
to compute the basic data for response spectra.
A response spectrum graphically represents the
maximum response of a structure with one
degree of freedom having a specific damping
and subjected to a particular excitation. A
response spectrum should be determined for
each magnitude-distance relationship by each
of three methods as described in appendix D of
reference [ 10]. The design response spectrum
of a structure at a site is the composite of the
above spectra.

Time-history analyses of a dam are sometimes
desirable. The required accelerograms may be
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produced by appropriate adjustment of existing
or artificially generated accelerograms. The
previously mentioned parameters are necessary
considerations in the development of synthetic
accelerograms or in the adjustment of actual
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recorded accelerograms.

The analytical methods used to compute
material frequencies, mode shapes, and
structural response are discussed in chapter 1V.

E. LOADING COMBINATIONS

3-14. Genera.-Designs should be based on
the most adverse combination of probable load
conditions, but should include only those loads
having reasonable probability of simultaneous
occurrence.  Combinations of transitory loads,
each of which has only remote probability of
occurrence a any given time, have negligible
probability of simultaneous occurrence and
should not be considered as a reasonable basis
for design. Temperature loadings should be
included when applicable (see sec. 3-8).

Gravity dams should be designed for the
appropriate loading combinations which
follow, using the safety factors prescribed in
sections 3-19 through 3-22.

3-15. Usual Loading Combination. —

(1) Norma design reservoir elevation, with
appropriate dead loads, uplift, silt, ice, and
taillwater. If temperature loads are applicable,
use minimum usual temperatures.

3- 16. Unusual and Extreme Loading
Combinations. —

(1) Unusual Loading Combination.—Maxi-

F. FACTORS

3-18. General.-All design loads should be
chosen to represent as nearly as can be
determined the actual loads which will act on
the structure during operation. Methods of
determining load-resisting capacity of the dam
should be the most accurate available. All
uncertainties regarding loads or load-carrying
capacity must be resolved as far as practicable
by field or laboratory tests, thorough
exploration and inspection of the foundation,

mum design reservoir elevation, with
appropriate dead loads, uplift, sit, minimum
temperatures occurring at that time if
applicable, and tailwater.

(2) Extreme Loading Combination.—
Normal design reservoir elevation, with
appropriate dead loads, uplift, silt, ice, usual
minimum temperatures if applicable, and
tailwater, plus the effects of the Maximum
Credible Earthquake.

3-1 7. Other Studies and Investigations. —

(1) Maximum design reservoir elevation,
with appropriate dead loads, silt, minimum
temperature occurring at that time if
applicable, and tailwater, plus uplift with
drains inoperative.

(2) Dead load.

(3) Any of the above loading combinations
for foundation stability.

(4) Any other loading combination which,
in the designer's opinion, should be analyzed
for a particular dam.

OF SAFETY

good concrete control, and good construction
practices. On this basis, the factor of safety will
be as accurate an evaluation as possible of the
capacity of the structure to resist applied loads.
All safety factors listed are minimum values.
Dams, like other important structures,
should be frequently inspected. In particular,
where uncertainties exist regarding such factors
as loads, resisting capacity, or characteristics of
the foundation, it is expected that adequate
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observations and measurements will be made of
the structural behavior of the dam and its
foundation to assure that the structure is at al
times behaving as designed.

The factors of safety for the dam are based
on the “Gravity Method of Stress and Stability
Analysis” (secs. 4-5 through 4-10). Although
lower safety factors may be permitted for
limited local areas within the foundation,
overall safety factors for the dam and its
foundation (after beneficiation) should meet
the requirements for the loading combination
being analyzed. Somewhat higher safety factors
should be used for foundation studies because
of the greater amount of uncertainty involved
in assessing foundation load resisting capacity.
For other loading combinations where safety
factors are not specified, the designer is
responsible for selection of safety factors
consistent with those for loading combination
categories discussed in sections 3-14 through
3-17.

3-19. Allowable Stresses.—The maximum
allowable compressive stress in the concrete for
the Usua Loading Combinations should be not
greater than the specified compressive strength
divided by a safety factor of 3.0. Under no
circumstances should the allowable
compressive stress exceed 1,500 pounds per
square inch for Usual Loading Combinations.
In the case of Unusua Loading Combinations,
the maximum allowable compressive stress
should be determined by dividing the specified
compressive strength by a safety factor of 2.0.
The maximum allowable compressive stress for
the Unusua Loading Combinations should, in
no case, exceed 2,250 pounds per square inch.
The allowable compressive stress for the
Extreme Loading Combination shall be
determined in the same way using a factor of
safety greater than 1 .0.

In order not to exceed the alowable tensile
stress, the minimum allowable compressive
stress computed without internal hydrostatic
pressure should be determined from the
following expression, which takes into account
the tensile strength of the concrete at lift
surfaces:

3
J
0., =pwh - (3)
where :
O, = minimum allowable compressive
stress at the upstream face,
p = a reduction factor to account for
drains,
w = unit weight of water,
h = depth below reservoir surface,
f; = tensile strength of concrete at

lift surfaces, and
safety factor.

N

All parameters must be specified using
consistent  units.

The value of p should be 1 .0 if drains are not
present and 0.4 if drains are used. The value of
s should be 3.0 for Usual and 2.0 for Unusua
Loading Combinations. The alowable value of
o, for the usual loading combination should
never be less than zero. Cracking should be
assumed to occur if the stress at the upstream
face is less than o, computed from the above
equation with a Value for s of 1.0 for the
Extreme Loading Combination. The structure
may be deemed safe for this loading if, after
cracking has been included, stresses in the
structure do not exceed specified strengths and
diding stability is maintained.

The maximum alowable compressive stress
in the foundation shall be less than the
compressive strength of the foundation
material divided by safety factors of 4.0, 2.7,
and 1.3 for the Usua, Unusua, and Extreme
Loading Combinations, respectively.

3-20. Sliding Stability. -The shear-friction
factor of safety, Q, as computed using equation
(4), is a measure of the safety against dliding or
shearing on any section. It applies to any
section of the structure or its contact with the
foundation. For gravity dams the shear-friction
factor of safety should be greater than 3.0 for
Usual Loading Combinations, 2.0 for Unusud
Loading Combinations, and 1.0 for the
Extreme Loading Combination.

The shear-friction factor of safety, Q, is the
ratio of resisting to driving forces as computed
by the expression:
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Q:CA+(2NE+V2U)tan¢ (4)

where :

C = unit cohesion,

A = area of the section considered,
>N = summation of normal forces,
Z U = summation of uplift forces,

tan ¢ = coefficient of interna friction,
and
> ¥V = summation of shear forces.

All parameters must be specified using
consistent units and with proper sdgns
according to the convention shown in figure
4-|.

Values of cohesion and internal friction
should be determined by actual tests of the
foundation materials and the concrete
proposed for use in the dam.

3-21. Cracking. -Cracking is assumed to
occur in a gravity dam if the vertica normd
stress (computed without uplift) at the
upstream face is less than the minimum
required stress as computed by equation (3).
Such cracking is not permitted in new designs
except for the Extreme Loading Combination.
However, for existing dams, cracking may be
permitted for the condition of maximum water
surface with drains inoperative in addition to
the Extreme Loading Combination.

When checking the stability of an existing
dam for the loading condition of maximum
water surface with drains inoperative, the uplift
(or internal hydrostatic) pressure is assumed to
vary linearly from full reservoir level a the
upstream face to tailwater level at the
downstream face. If cracking occurs the
foundation pressure diagram is assumed to be
as shown in figure 3-3(D). The foundation
pressure diagram is determined by the
following procedure:

(1) A horizontal crack is assumed to extend
from the upstream face to a point where the
vertical stress is equal to the uplift pressure at
the upstream face, point 4 on figure 3-3(D).

(2) From figures 3-3(A) and (D), taking
moments about the center of gravity of the
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base, the following equations are obtained:

___SM__
©TIW_A3T )

and

T, =3(—§~e> (6)

where :

€ = eccentricity of the stress diagram
after cracking,
summation of moments of al
forces,
= summation of vertical forces,
internal hydrostatic pressure at the
upstream face,

T = thickness of section, and
T, = remaning uncracked portion of the

thickness.

™M
=
u

>M
wZ
o

Therefore the stress at the downstream face,
BS,is:

— _2AZW —A3T)

B3 = +A43 (N

1

Because of the rapidly cycling changes in
stress during earthquakes, it should be assumed
that the internal hydrostatic pressures are zero
in the cracks caused by the extreme loading.
Equations (5) and (7) should be revised to
account for the zero internal hydrostatic
pressure in the crack. For these computations,
T should be taken as the thickness of the
uncracked portion shown as T; in equations
(6) and (7). The value of A'4 should be the
uplift pressure a the end of the crack in the
uncracked portion and £M should include the
moment of the atered uplift pressures taken
about the center of gravity of the original
section. The T in equation (6) is the full
thickness of the origina section. The value of
7; to be used as T in equation (5) must be
estimated for the first computation.
Thereafter, for succeeding computations of €,
the value obtained for 7; in equation (6)
should be used. Several cycles of computation
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DIAGRAMS OF BASE PRESSURES
ACTING ON A GRAVITY DAM

Figure 3-3. Foundation base pressures for a gravity
dam.-288-D-25 10

using equations (5) and (6) may be required to
obtain adequate agreement between the vaue
used for T in equation (5) and the value
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computed for 7, in equation (6).

The uncracked area of the base is substituted
for A in equation (4). The section is considered
satisfactory for any of these loading conditions
if the stress at the downstream face, from
equation (7), does not exceed the allowable
stress, and the shear-friction factor of safety is
sufficient to ensure stability. A shear-friction
factor of safety greater than 2.0 would be
con sidered satisfactory for the Unusual
Loading Combination and grester than 1.0 for
the Extreme Loading Combination.

A gravity dam should be considered safe
against overturning if B5, the ordinate in figure
3-3(D), is less than the allowable stresses in the
concrete and the foundation rock for the
appropriate loading combinations.

3-22. Foundation Stability. Joints, shears,
and faults which form identifiable blocks of
rock are often present in the foundation.
Effects of such planes of weakness on the
stability of the foundation should be carefully
evaluated. Methods of analysis for foundation
stab ilitv under these circumstances are
discussed in section 4-50. The determination of
effective shear resistance for such foundation
conditions is given in detail in section 3-5.

The factor of safety against diding failure of
these foundation blocks, as determined by the
shear-friction factor, Q, using equation (4),
should be greater than 4.0 for the Usual
Loading Combination, 2.7 for the Unusual
Loading Combination, and 1.3 for the Extreme
Loading Combination. If the computed safety
factor is less than required, foundation
treatment can be included to increase the
safety factor to the required value.

Treatment to accomplish specific stability
objectives such as prevention of differential
displacements (see sec. 4-51) or stress
concentrations due to bridging (see sec. 4-52)
should be designed to produce the safety factor
required for the loading combination being
analyzed.
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<<Chapter IV

layout and Analysis

4-1. Introduction. -A brief discussion of
guidelines for making a gravity dam layout is
given in sections 4-2 through 4-4. The layout
represents the initial step in the design
procedure for a new structure. After a layout is
completed, a stress and stability analysis of the
structure must be made to determine the stress
distributions and magnitudes and the stability
factor. If the analytical results do not fall
within the established dlowable limits or the
stress distributions are not satisfactory because
of stress concentrations, modifications to
improve the design must be made by reshaping
the structure. The design of a gravity dam is
accomplished by making successive layouts,
each one being progressively improved based
on the results of a stress analysis. It is difficult
to discuss layouts without discussing analysis
and vice versa, because each operation is
essential to the other.

Stress analyses of gravity dams fal into two
classificationsthose analyses based on gravity
action and those based on the trial-load
method. (See also sec. 4-30.) The “Gravity
Method of Analysis,” which is discussed in
considerable detail in sections 4-5 through
4-1 0, provides a two-dimensiona solution for
straight gravity dams. The method is based on
the assumptions that a straight gravity dam is
comprised of a number of verticad elements,
each of which carries its load to the foundation
without any transfer of the load from or to
adjacent vertical elements and that vertical
stresses vary linearly. It is usually sufficient to
compute stresses and stability factors at the
base elevation and selected elevations above the
base for both a maximum overflow section and
a maximum nonoverflow section. This method

of analysis is used for designing straight gravity
concrete dams in which the transverse
contraction joints are neither keyed nor
grouted.

The stress analysis of a straight gravity dam
in which the transverse contraction joints are
keyed, whether grouted or not, is a
three-dimensional problem. One method used
by the Bureau is the “Trial-Load Method of
Anaysis’ in which it is assumed that the dam
is comprised of three systems of elements each
occupying the entire volume of the structure
and independent of the others. These systems
are the vertical cantilevers, the horizontal
beams, and the twisted elements. The loads on
the dam are divided between these systems in
such a manner as to produce equa deflections
and rotations at conjugate points.

The more recently developed “Finite
Element Method”, which can be used for
two-dimensional studies to determine the stress
distributions and for the three-dimensional
studies for grouted joints, is discussed in
sections 4-36 through 448. An example of its
use is presented in appendix C.

Analytical methods of determining the
response of gravity dams to earthquake ground
accelerations are presented in sections 4-3 1
through 4-35. The response of a structure is
defined as its behavior as a result of an
earthquake disturbance. The response is usualy
represented as a measure of the structure's
displacement acceleration or velocity. Either
the time variation of a particular response or its
maximum value during the disturbance may be
of interest. The determination of natural
frequencies and mode shapes is a fundamental
part of dynamic analysis. Dynamic analyses are
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used in stress anadysis methods to determine
loadings for computing stresses due to
earthquake.

A discussion of foundation analyses is given
in sections 4-49 through 4-52. A dam is no
better than its foundation, and therefore an
evaluation of the foundation behavior is
necessary to ensure a competent |oad-bearing
system consisting of the dam and the
foundation. Anaytica methods are presented
to evaluate foundation stability and local
overstressing due to foundation deficiencies.

Certain special, rigorous methods of anaysis,
such as the “Slab Analogy Method” [ 1] ! and

A.

4-2. Nonoverflow Section. -The shape of
the maximum nonoverflow section is
determined by the prescribed loading
conditions, the shear resistance of the rock,
and the height of the maximum section. The
upstream face of a gravity dam is usualy made
vertica to concentrate the concrete weight at
the upstream face where it acts to overcome
the effects of the reservoir waterload. Except
where additional thickness is required at the
crest, as discussed below, the downstream face
will usually have a uniform slope which is
determined by both stress and stability
requirements at the base. This dope will be
adequate to meet the stress and stability
requirements a the higher elevations unless a
large opening is included in the dam. The crest
thickness may be dictated by roadway or other
access requirements, but in any case it should
be adequate to withstand possible ice pressures
and the impact of floating objects. When
additional crest thickness is wused, the
downstream face should be vertica from the
downstream edge of the crest to an intersection
with the doping downstream face.

A batter may be used on the lower part of
the upstream face to increase the thickness at
the base to improve the diding safety of the
base. However, unacceptable stresses may
develop at the heel of the dam because of the

‘Numbers in brackets refer to items in the bibliography, sec.
4-58.
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“Lattice Analogy Method” [2], which may be
used for the determination of nonlinear stress
distributions are included in lesser detail in
appendix D along with photoelastic model
studies.

(& Level of Design, -The level of design for
a gravity dam, whether appraisal, feasibility, or
final, differs only by the level of investigation
used to determine design data. Details of these
levels of investigation in the field are discussed
in section 2-21. The levels of investigations in
the laboratory are usually dependent on the
levels of field investigations.

LAYOUT

change in moment arm for the concrete weight
about the center of gravity of the base. If a
batter is used, stresses and stability should be
checked where the batter intersects the vertical
upstream face. The dam should be analyzed at
any other changes in sope on either face.

4-3. Spillway Section. -The overflow or
spillway section should be designed in a similar
manner to the nonoverflow section. The curves
describing the spillway crest and the junction
of the slope with the energy dissipator are
designed to meet hydraulic requirements
discussed in chapter 1X. The dope joining these
curves should be tangent to each curve and, if
practicable, paralel to the downstream slope
on the nonoverflow section. The spillway
section should be checked for compliance with
stress and stability requirements. An upstream
batter may be used on the spillway section
under the same conditions as for the
nonoverflow section. Figure B-l in appendix B
is a typical layout drawing of a gravity dam
showing a nonoverflow section, a typical
spillway section, a plan, and a profile.

4-4. Freeboard.-Current Bureau practice is
to alow the maximum water surface elevation
to be coincident with the top of the
nonoverflow section of the dam, and to
consider that the standard 3.5-foot-high solid
parapet acts as a freeboard. Exceptional cases
may point to a need for more freeboard,
depending on the anticipated wave height.
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B. THE GRAVITY METHOD OF STRESS AND STABILITY ANALYSIS

4-5. Description and Use. -The *“Gravity
Method of Stress and Stability Analysis’ is
used a great deal for preliminary studies of
gravity dams, depending on the phase of design
and the information required. The gravity
method is aso used for final designs of straight
gravity dams in which the transverse
contraction joints are neither keyed nor
grouted. For dams in which the transverse
joints are keyed and grouted, the “Trial-Load
Twist Analsysis’ including the beam structure
should be used. If the joints are keyed but left
ungrouted, the “Trial-Load Twist Analysis’
should omit the beam structure.

The gravity method provides an approximate
means for determination of stresses in a cross
section of a gravity dam. It is applicable to the
general case of a gravity section with a verticd
upstream face and with a constant downstream
dope and to situations where there is a variable
dope on either or both faces. Equations are
given with standard forms and illustrations
showing calculation of normal and shear
stresses on horizontal planes, normal and shear
stresses on vertical planes, and principal
stresses, for both empty-reservoir and
full-reservoir conditions, including the effects
of tailwater and earthquake shock. Uplift
pressures on a horizontal section are usualy
not included with the contact pressures in the
computation of stresses, and are considered
separately in the computation of stability
fac tors.

The formulas shown for calculating stresses
are based on the assumption of a trapezoida
distribution of vertical stress and a parabolic
distribution of horizontal shear stress on
horizontal planes. These formulas provide a
direct method of calculating stresses at any
point within the boundaries of a transverse
section of a gravity dam. The assumptions are
substantially correct, except for horizontal
planes near the base of the dam where the
effects of foundation yielding are reflected in
the stress distributions. At these locations the
stress changes which occur due to foundation
yielding are usually smal in dams of low or
medium height but they may be important in

high dams. Stresses near the base of a high
masonry dam should therefore be checked by
the “Finite Element Method” or other
comparable methods of analysis.

The anadysis of overflow sections presents no
added difficulties. Usually, the dynamic effect
of overflowing water is negligible and any
additional head above the top of the section
can be included as an additional vertical load
on the dam. In some cases some increase in
horizontal load may be justified for impact. An
example of the gravity method of analysis is
given in appendix A.

4-6. Assumptions. -Design criteria are given
in chapter IIl. However, those assumptions
peculiar to the gravity analysis are listed below:

( 1 ) The concrete in the dam is a
homogeneous, isotropic, and uniformly elastic
material.

(2) There are no differential movements
which occur a the damsite due to waterloads
on the reservoir walls and floors.

(3) All loads are carried by the gravity
action of vertical, parallel-side cantilcvers
which receive no support from the adjacent
elements on either side.

(4) Unit vertical pressures, or normal
stresses on horizontal planes, vary uniformly as
a draight line from the upstream face to the
downstream face.

(5) Horizontal shear stresses have a
parabolic variation across horizontal planes
from the upstream face to the downstream face
of the dam.

4-7. Notations for Normal Reservoir
Loading —Symbols and definitions for normal
reservoir loading are given below. This loading
includes full-reservoir load and usual tailwater
loads on the dam, as shown on figure 4-1. The
“section” referred to is one formed by a
horizontal plane through the cantilever
element, except when otherwise specified.

Properties and Dimensions.

0 = origin of coordinates, a down-
stream edge of section.
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Figure 4-1. Cross section of a parallel-side cantilever showing usual loading
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¢ = angle between face of eement
and the vertical.

T = horizontal distance from up-
stream edge to downstream
edge of section.

c = horizontal distance from center

of gravity of section to
either upstream or down-
stream edge, equa to T/2.
A = area of section, equa to T.
I= moment of inertia of section
about center of gravity,
equal to 7° / 12.
unit weight of concrete or
masonry.
W = unit weight of water.

h or h' = vertical distance from reservoir
or tailwater surface,
respectively, to section.

p or p° = reservoir water or tailwater
pressure, respectively, at
section. It is equal to
wh or wh'.

w

1l

c

il

Forces and Moments.

W, = dead-load weight above base of
section under consideration.

M, = moment of W, about center of
gravity of section.

W, or W, = vertical component of reservoir
or tailwater load, respectively,
on face above section.

M, or M, = moment of W, or W, about

center of gravity of section.

V or V' = horizonta component of reservoir

or tailwater load, respectively,
on face above section. This

2 \2
is equal toi‘)g— origiL.

Mp or Mz; = moment of ¥ or V' about center
of gravity of section, equa to
wh®  w')?

6 "6

Z W = resultant vertical force above sec-

tion, equal to W, + W, + W,,.
T V = resultant horizontal force above
section, equal to ¥ + V',
ZM = resultant moment of forces
above section about center of
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gravity. It is equal to
M, tM, +M, tM, +Mp’. A
positive moment produces
compression on the section at
the upstream face. All
positive normal stresses are
compressive.
U = totad uplift force on horizonta
section.
Positive horizontal forces act in the
upstream  direction.

Stresses.
9z = norma stress on horizontal
plane.
0y = normal stress on vertical plane.
T,y =Ty, = Shear stress on vertical or

horizontal plane. A positive
shear stress is shown by the
sketch in the upper left of
figure 4- 1.

a,dy,d,,b, by, by,cy,cy,d, =constants.

Op1 = first principal stress.

Op2 = second principal stress.

$p1 = angle between ¢, , and the
vertical. It is positive in a
clockwise direction.

Subscripts.

upstream face.

downstream face.

vertica water component.
horizontal water component.

R TRNTINT

- T O

4-8. Notations for Horizontal
Earthquake. -The hydrodynamic pressures due
to horizontal rock motions from earthquakes
are computed using the method introduced in
section 4-3 1. The notation is as follows:

pg = pressure normal to face.
_ horizontal earthquake acceleration
acceleration of gravity
varies by elevation as computed
in section 4-33.
Z = depth of reservoir at section
being studied.
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h = vertica distance from the
reservoir surface to the
elevation in question.

C,, = a dimensionless pressure
coefficient obtained from
figure 4- 18.

= change in vertica component
of reservoir water load or
taillwater load on face above
section due to horizontal
earthquake loads.

Myp ot Myp =moment of Wyp orWy g
about center of gravity of
section.

Vg = horizontal inertia force of
concrete weight above
section.

Mg = moment of Vy about center
of gravity of section.

V,g or V,g = change in horizontal compo-

nent of reservoir or
tailwater load on face above
section due to horizontal
earthquake loads.

moment Of ¥, Or V, about

center of gravity of

section.

£ W = resultant vertical force above
section, equa to
W, + W, + Wy
tWwe tWyg.

¥ V= resultant horizontal force
above section, equa to
V+ V' £V
Vg £ Vog.

CM = resultant moment of forces
above horizontal section
about center of gravity.
Itisequal to M, + My,
+My +M, + M, £ Mg
tMWE £+ Myg t M,

+ Mp’ E-

The agebraic signs of the terms with subscript
E in the earthquake equations for T W £ ¥, and
*M depend upon the direction assumed for the
horizontal earthquake acceleration of the
foundation.

No notation is given for vertica earthquake
shock. A vertical earthquake shock is assumed

’
WWE or WWE

' —_
M, g or My =

DESIGN OF GRAVITY DAMS

to produce an acceleration of the mass of the
dam and water in direct proportion to the
value of a. This is equivalent to increasing or
decreasing the density of concrete and water,
depending on direction of shock.

4-9. Forces and Moments Acting on
Cantilever Element. -Forces acting on the
cantilever element, including uplift, are shown
for normal loading conditions on figure 4-I.
Reservoir and taillwater pressure diagrams are
shown for the portion of the element above the
horizontal cross section O Y. Positive forces,
moments, and shears are indicated by the
directional arrows.

Hydrodynamic and concrete inertia forces
acting on the cantilever element for a
horizontal earthquake shock are in addition to
those forces shown on figure 4-I. The forces
are negative for a foundation acceleration
acting in an upstream direction and positive for
a foundation acceleration acting in a
downstream  direction.

Forces and moments for static loads are
easily computed for each section by
determining areas and moment arms of the
triangular pressure diagrams and the area and
eccentricity of vertical sections. However, to
evaluate the quantities V,p, V,p, Wyp , ad
W, for hydrodynamic effects of earthquake
shock, it is necessary to use the procedure
outlined in sections 4-3 1 through 4-35.

4-10. Stress and Stability Equations. -A
summary of the equations for stresses
computed by the gravity method is given on
figures 4-2 and 4-3. These equations include
those for norma stresses on horizontal planes,
shear stresses on horizontal and vertical planes,
normal stresses on vertical planes, and direction
and magnitude of principal stresses, for any
point within the boundaries of the cantilever
element. In the equations of figure 4-3, terms
that are due to earthquake are preceded by the
agebraic signs, plus or minus (). The correct
sign to use is indicated by accompanying notes.

Effects of earthquake shocks on stresses may
be excluded merely by omitting the terms
preceded by the plus or minus (%) signs from
the equations, which results in the correct
equations for computing stresses for normal
loading conditions.
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DERIVATION OF STRESS FORMULAE
(HORIZONTAL EARTHQUAKE uPSTREAM)

From Figure @
To maintain rotational equilibrium about A.
(Toyu 0y = (Tyager) G

T'zyu: 'Eyzu
To mointoin vertical equilibrium,
{p+Pg)dy - Ozydy —Tyzudz= o

Tyzydz = (p+pgldy~ Tz, dy

T =( +peldy = Ozy d

yZu z

dy _
Fri tandy

Tyzu= Tayu =" [O2u - p - pe] tondy

(a)- FORCES ACTING ON
DIFFERENTIAL ELEMENT AT

From Figure b UPSTREAM FACE

To mointain rototionol equilibrium about B,
d d
(- Tayody) G = (- Ty 92) 5=
szo = Ty
To mointoin vertical equilibrium,
(p' - pg)dy = Oppdy - (=Tyzp)dz= o0
Tyzp 92 = O0zpdy~{(p'-p;) dy
Toon = ) dy
y2b = dz
dy . tan op
dz

Tyzo=Tzyo=[0z0 ~ P'+ P tan &p

(b)- FORCES ACTING ON
DIFFERENTIAL ELEMENT AT
DOWNSTREAM FACE

From Figure €
To maintain rototionol equilibrium obout C,
(der)% =0
Ty=0
To maintain vertical equilibrium,
Ozudy - [(p +pe)ds] sindy = (Opydr)cosdy +(Try drisin®y=0
0, . udy-lor pe)ds] sin by
dr cosdy
ds = dy sindy
dr =dy cosdy

Ozy dy =P +pe )dy sin2¢U
dy cos2dy

O-[U =
Then :
Opy = Ozy 5€€2 Oy~ (p + p)tan? Oy
In 0 similor manner:
O1p= Opp sec? &5~ (p'~ plton?ep

(c)=DIFFERENTIAL ELEMENT
AT UPSTREAM FACE

Figure 4-2. Derivation of stress formulae for a concrete gravity dam.—DS2-2(4)
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STRESSES IN STRAIGHT GRAVITY DAMS, INCLUDING EFFECTS OF
TAILWATER AND HORIZONTAL EARTHQUAKE

NORMAL STRESS ON HORIZONTAL PLANE, (g

I.0z=a+by
_ _Iw _BIM _ 12IM
a=0pp= T TZ b= TS
NORMAL STRESS SHEAR STRESS ON HORIZONTALOR VERTICAL PLANE.,& = TZY
ON HORIZONTAL PLANE I Tyy=Tyz= 6 +by+ cy?
Q= Tayp = (Uzo"D'*‘p Ytan @p
b “H( £ 2T7yy * 4Tay0)

6TV
=% (T 3Ty t+ 3szo)
Check at face for y = T, ’[‘Z u==(0y-ptip.) tondy
Note:{* Use (+) sign if honzonfol occelerohon of foundation s upstream )
(# "se (-)s\gn if horizontal acceleration of foundgtion is upstream.)
NORMAL STRESS ON VERTICAL PLANE, Oy
TI. Oy =a, + bay + Coy® +dyy? 0 s
L+

a,=0yp = a;tandp + pr+¥pk ) b, AW
; 30, 3070 0 ¥ 3pk amn% o +*
SHEAR STRESS a—z‘“’”“’D( a7 % ‘az') + (0y0 - 0" £ 0%)
ON HORIZONTAL PLANE (® (Jto be omitted if tailwateris absentl
2rm 2% t2 M 6TV
M-w +mnq>u(‘ LM TW 321 —_lfﬂ)+?un¢>o('21£ -—Tlv _TP_ _,F_)—?r
Bp, {pp— P dtang, tangg - tandy
0z Az 0z AZ
| 3b
cz = citandyt 2 52
ob, | [ SIVY oTjieLv :l 1 9Tzyu 0Tzyp)
ﬁ_'_?e(—_—az)-a_z(_T +2Tayy + 4T2y) 2(‘—”—32 4 5z
aa%=—(p—o‘i’>\wﬁi pe 250k ) %=?Gn¢u+f0ﬂ®p
T ®_ 30zy+¥dp dtand, %
H = ronoy[wts T e Bl S, £t 5 -0y )
(aw to be omitted if reservoir woter is obsen’r)
SHEAR STRESS 20, 4p F4pe  4EW _12EM 2Ew F2pt 2 128 6LV
ON VERTIGAL PLANE 57 wc+‘rcn®.,(—TQ+——E~—T—z—- T )+‘f0n®o( £ TE_TD‘T)+?
9 Tzyn . 2a dpe _ (pe- pi) a’rcm $y _tan dy-tandy
¥4 0z 0z [iY4 9 AZ
_ 1 dcy
4273 57
dcy _ | dLVv)_ odT(l8rv IZD
2 ‘—3[6( a7 } e *”ZY“*GTZY”)] [( )+3( )}

Gheck at face for y= 1,  Oyy = (P’ pE—TZyutanch)
MAGNITUDE OF PRINCIPAL STRESSES, Tp,,Tp,

_Qz+0y ++4/10,-Tyy2 2 {1t {0z~ O'y)>O,use(+)HAltemate sign gives Jpg which
L. Op ‘”Z_‘Y' - (_Z_Z_Y.) +(sz) {1‘ (Oz-0y)< 0, use (- 1 | is perpendicular to Op,,

Check ot upstream face either Up, or Oog g el -JP*D JfanZoy
P2

Check gt downstream face either UP, or sosec2dp~( p'Fpeltan2®g
NORMAL STRESS DIRECTION OF FIRST PRINCIPAL STRESS, d)p,
ON VERTICAL PLANE T o=t orc tan - T If tan 2®p, = (+), 0< Pp<{ 145'}) Measured from Vertical
L) 0;-0y If tan2®p, = (-)(-45°)<dp,< 0 [ Clockwise positive.

~

\
Check at ypstream and downstream face, ®p, =%, 0r(90°- @)

METHOD OF CONSTRUCTING LINES OF PRINCIPAL STRESS
I, From the intersection of g chose” vertical plane and the base of the cantilever cross-section,
mecsure $o, at that Point and draw tangent 1-2 half way to the horizental section d-8 next abave.
2. At the two points on section A-B between which the line must pass, fay off the angles whichgive
the direction of the principal stress being considered and prolong thelines totheir point of intersection
3. Between this point of intersection aad point 2 of the tangent i- 2, draw tangent 2-3 haif way to
the horizontal section C-D next above A-B.
4. Continue theinterpolation until the succession of tangents has reached either Of the foces or the
top of the ¢gntilever cross-section (It may be necessary to Interpolate between angles at the
intersections of successive haorizontal sections and a vertical plane)
5. Through the points of intersection of these tangents and the horizontal sections{or vertical planes),
draw the curves or lines of principal stress. Draw sufficient lines to include the whole section,
6. From the intersection of o horizontal section and the upstream face{or from the intersection ofa
i vertical plane and the base), megsure the angle of the stress complementary to the one just drown
i and draw tangent 5-6 from the upstream face half way to the first ling of principal stress already drown
T 7 From ¢, draw targent 6-7 perpendicular to the first line of principal stress andextending halfway
i to the next line of principal stress.

A
i‘ “‘? 8. Continug the construction of the tangents perpendicular to the lines of principal stress already
RVt drawn until the too. base . pr downstream face of the cantilever cross-section is reached.
¢ N 5 9. Connect the peints of intersection of these tangents and the [ineg of principal stress first drown
| 3% \ ,mp. with curves or lines of complementary principal stress. Draw sufticient curves to include the whole
S, \"\ section,
a prat @,m NOTE
ik ’Q“‘ The figures on this sheet are for illustrative purposes only. They donot represent results

for any specific condition of loacing.
% The value of the quontity is to be deiermined at a horizental plane a Z distance abcve the
horizontal section under consideration

LINES OF PRlNCIPAL STRESS

Figure 4-3. Stresses in straight gravity dams.-288-D-3152

DAMS
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The shear-friction factor, @, for horizontal
planes, is the ratio of resisting to driving forces
as computed by the expression:

0= CA + (EN;VE U) tan ¢ 4)

where:

unit cohesion,

area of horizontal section considered,
summation of norma forces,
summation of uplift forces,
coefficient of interna friction, and
summation of shear forces.

weq2>0
ooy ton

—+
M% o 4

All parameters must be specified using
consistent units and with proper sdgns
according to the convention shown in figure
4-|.

Shear-friction factors are computed for each
respective elevation for which stresses are
calculated in the cantilever element for the
same condition of loading. All possible
conditions of loading should be investigated. It
should be noted that high stability is indicated
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by high shear-friction factors. The allowable
minimum vaue for this factor for use in design
is given in section 3-20.

The factor of safety for overturning is not
usually tabulated with other stability factors
for Bureau dams, but may be calculated if
desired by dividing the total resisting moments
by the total moments tending to cause
overturning about the downstream toe. Thus:

—_moments resisting
moments overturning

[Overturning safetl/
factor
Before bodily overturning of a gravity dam
can take place, other failures may occur such as
crushing of the toe material, and cracking of
the upstream material with accompanying
increases in uplift pressure and reduction of the
shear resistance. However, it is desirable to
provide an adequate factor of safety against the
overturning tendency. This may be
accomplished by specifying the maximum
allowable stress at the downstream face of the
dam. Because of their oscillatory nature,
earthquake forces ae not considered as
contributing to the overturning tendency.

C. TRIAL-LOAD METHODS OF ANALYSIS

1. Trial-Load Twist Method of

Analysis, Joints Ungrouted

4-11. Introduction. -A gravity dam may be
considered to be made up of a series of vertica
cantilever elements from abutment to
abutment. If the cross-canyon profile is narrow
with steep doping walls, each cantilever from
the center of the dam towards the abutments
will be shorter than the preceding one.
Consequently, each cantilever will be deflected
less by the waterload than the preceding one
and more than the succeeding one. If the
transverse contraction joints in the dam are
keyed, and regardless of whether grouted or
ungrouted, the movements of each cantilever
will be restrained by the adjacent ones. The
longer cantilever will tend to pull the adjacent
shorter cantilever forward and the shorter

cantilever will tend to hold it back. This
interaction between adjacent cantilever
elements causes torsional moments, or twists,
which materially affect the manner in which
the waterload is distributed between the
cantilever édements in the dam. This changes
the stress distribution from that found by the
ordinary gravity analysis in which the effects of
twist, as well as deformation of the foundation
rock, are neglected. All straight gravity dams
having keyed transverse contraction joints
should therefore be treated as
three-dimensional structures and designed on
that basis.

If the canyon is wide and flat, the cantilevers
in the central portion of the dam are of about
the same length and the effects of twist are
usualy negligible. However, twist effects may
be important in the abutment regions where
the length of the cantilevers changes rapidly.
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This twist action tends to twist the cantilevers
from their seats on the doping canyon walls,
thus tending to develop cracks in the dam in
these regions.

A sharp break in the cross-canyon profile
will result in an abrupt change in the length of
cantilevers in that region. This has the effect of
introducing an irregular wedge of rock in the
dam and causes a very marked change in
stresses and stability factors. Such conditions
should be eiminated, if possible, by providing
additional rock excavation so that a smooth
profile is obtained.

4- 12. Theory.-The use of a twisted
structure for analyzing dams was suggested in a
review of the trial-load method of analysis
made for the Bureau of Reclamation in 1930.
It was proposed that instead of replacing the
arch dam by two systems of structural
elements, one of arches and the other of
cantilevers, one could replace it by three
systems each occupying the whole volume of
the dam. These three systems would consist of
vertical cantilevers, horizontal arches, and a
twisted structure. The new system, designated
the twisted structure, would have the primary
purpose of resisting the twisting moments in
horizontal and vertical sections. Thus the
vertical cantilevers would be considered as
having no torsional resistance, since the
twisting moments would be assigned to the
twisted structure. Subsequently, the
conception of the twisted structure was applied
to the analysis of a gravity dam.

A gravity dam is constructed as a series of
vertical blocks fixed at the base, as shown on
figure 4-4. These blocks may be assumed to be
capable of resisting torsions and shears in
horizontal planes and bending in vertica planes
for the condition of joints ungrouted. This
assumption is based upon the theory that the
contraction joints, through the action of the
keyways, can transfer load horizontally to the
abutments by means of shear in the horizonta
elements and torsion in the vertical eement,
but cannot transfer twisting moment
horizontally to the abutment. For joints
ungrouted, it is obvious that the contraction
joints cannot be assumed to provide resistance
to bending in either vertical or horizontal
planes.

Trace of top
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Figure 4-4. Schematic view smulating partial construction
of a gravity dam in vertical blocks.-288-D-3 113

“Trial-Load Twist Method of
Anaysis” the dam is assumed to be divided
into a number of vertical and horizontal
elements, the vertical elements of which are
usualy considered to be 1 foot in width and
the horizontal elements 1 foot in height.
Further, in the manner described below, these
elements are assumed to make up two
structural  systems, called the cantilever
structure and the twisted structure, each of
which occupies the entire volume of the dam.

The cantilever structure consists of a series
of vertical cantilever elements as described
above, which abut on the foundation and
transfer thereto the dead load and a portion of
the total external loads by gravity action only.
These cantilevers cary external loads
downward to the foundation by bending and
shear along horizontal planes without being
restrained by the twisted-structure elements.
The cantilever is subjected to two types of
deformation: bending caused by flexure, and
detrusion caused by shear in each cantilever
element.

The twisted structure consists of vertical
twisted elements with the same structural
properties as the cantilevers in the cantilever

In the
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structure; and of horizontal elements which are
subjected to shear only. The vertica twisted
elements resist no bending and shear, but resist
only twisting moments produced by the shear
due to loads on the horizonta elements of the
twisted structure. A major part of the
deflection of the horizontal twisted-structure
elements is caused by the angular rotations of
the cantilevers. Also included in the total
twisted-structure deflection are the movement
of the abutment due to forces brought down
by the cantilever which joins the foundation at
a common point with the horizonta eement,
and the shear deflection in the horizontal
element due to loads on the twisted structure.
The horizontal elements are segmental and are
incapable of resisting bending moments if the
joints are not grouted. The cantilever structure
and twisted structure are illustrated on figure
4-5,

In order to make a twist analysis it is
necessary to load the cantilever structure and
twist structure by trial. For convenience, only
a limited number of selected elements are
analyzed which will provide satisfactory results
for representative points in the dam. After
selection of the elements, the tota waterload
on the dam is divided between the two
structures by trial. The deflections of the
cantilevers and twisted structure are then
determined at conjugate points. For the first
trial there will be little agreement in deflection
at these points, but the process is repeated
until the continuity of the structures is
restored. Stresses may then be computed from
known forces and moments and are assumed to
represent the true stresses within the dam.

The following sections show the equations
and procedure for anayzing a dam for joints
ungrouted. Detailed computations are not
given for the complete procedure, since
another analysis, which is given later for joints
grouted, shows the calculations which
demonstrate the principles involved in the
present analysis.

4-1 3. Notations.—

X, ¥,z = coordinates aong X axis, Y axis,
and Z axis, respectively.
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= bending moment in plane pardle
to YZ plane, foot-pounds.

M, = bending moment in plane parallel
to XY plane, foot-pounds.

My = twisting moment in horizontal

XY plane, foot-pounds.
M,, = twising moment in vertical ZY
plane, foot-pounds.
V' = horizontal thrust of waterload,
pounds.

shear in cantilever due to hori-
zontal component of water-load
carried by cantilever, pounds.

Vy = shear in horizontal element of
twisted structure due to hori-
zontal component of waterload
carried by the twisted structure,
pounds.

Subscript 4 such asin 4 M, ,and 4,V
indicates abutment value for
twisting moment in XY plane
and shear at base of cantilever,
respectively.

thickness of dam at a given
elevation, feet.
modulus of elasticity of concrete
in tension or compression,
pounds per square foot.

» = modulus of elasticity of abut-

ment materia in tension or
compression, pounds per

square foot.

~
1

—
I}

S
1

by
n

G = modulus of elagticity of con-
crete in shear, pounds per
square foot.

u = Poisson’s ratio.

0, = angular rotation in horizontal

plane, radians.

deflection norma to axis of

dam, feet.

Z = vertical distance from base of
cantilever, feet.

I= moment of inertia for a vertica
cantilever of unit width or a
horizontal beam of unit height
of cross-section, feet?®.

J = a factor used in computing

angular rotations of canti-

levers due to torsions-joints
ungrouted.

Ay



Cantilever element Horizontal element - Horizontal element
N
N

DEFLECTION OF HORIZONTAL ELEMENT DUE
TO TWIST OF VERTICAL ELEMENTS DEFLECTION OF HORIZONTAL ELEMENT DUE
TO SHEAR DETRUSION
THE CANTILEVER STRUCTURE SYSTEM
THE TWISTED-STRUCTURE SYSTEM

Note. Horizontal element incapabte of resisting
bending moment or torsional shear.

Figure 4-5. Cantilever and twisted-structure systems-joints ungrouted.—DS2-2(23)
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A = area of cross-section of a canti-
lever or beam, square feet.

For a unit width or height,
A=T.

L = length of a horizontal beam,
feet.

p = externa pressure at depth h,

pounds per square foot.

unit load ordinate, pounds per

square foot.

K = a constant which depends upon
the ratio of the actual shear
distribution to a shear distri-
buted uniformly. In these
analyses K/G = 3/E and
K= 1.25.

Y = angle between canyon wall a
cantilever base and the
vertical, degrees.

o = angular movement of abutment
in vertical plane due to unit
bending moment 4 M, , radians.

v = abutment movement norma to

axis of dam due to unit shear
force at the abutment, feet.

Ve

= angular movement of abutment

in vertical plane due to unit

horizontal shear force at the
4y abutment, radians.

= dgoutment movement norma to

axis of dam due to unit

L bending moment , M, , feet.

§ = angular movement of abutment
in horizontal plane due to
unit twisting moment

4 My, , radians.

-
1l

The convention of signs to be used is shown on
figure 4-6.

4-14. Foundation Constants. -Rotation and
deformations of the foundation surface for
moments and forces of unity, per unit length,
are given by the following formulas, in which k
is a function of ¢ and b/a, and T is equal to &
(see figs. 4-7 to 4-10).

(1)
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"o_ k5
T (2)
[ A k3
Y —E}’ (3)
k
= (4)
E, T

The above equations contain elastic
constants, E, and u, which are usually
determined by direct experimental methods.
The curves shown on figures 4-7 to 4-10
provide an easy means for determining values
of k, to ks, inclusive, after the ratio b/a has
been determined by means described below. It
is impossible to obtain a definite value of b/a
for an irregular foundation surface. An
approximation of some kind is necessary, and
a present the following method is used. The
surface of contact between the dam and
foundation is developed and plotted as shown
on figure 4- 1. This surface is replaced by a
rectangle of the same area and approximately
the same proportions, called the equivalent
developed area. The ratio of length to width of
the rectangle is taken as the ratio b/a for the
foundation in question. The value of b/a is
therefore a constant for a particular dam. In
computing deformations for a particular
element, the width @ is made equa to T, the
thickness of the dam a the eement
considered, making T/b’ = a/b, or b’ = (b/a) T.

The final equations for the foundation
movements of a unit horizontal element at
either abutment of the dam are shown below.
The algebraic signs are as used for the left
abutment, and the asterisk (*) indicates that
signs are to be reversed for movements a the
right abutment.

¥, =M,a+ Va, (5)
Ay =Vy+M, a, (6)

for which:
@ =a cos® Y+ 8 sin?ycosy (N
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NOTES:
Normal loads are applied to
the faces.

Twist loads ore applied at
the cantilever &

Cantilever foundation
(O) VERTICAL CROSS-SECTION

i+ Right

, Left
(b)) HORIZONTAL CROSS-SECTION

maximum CANTILEVER anD CANTILEVER c
10 LEFT OF MAXIMUM VERTICAL CROSS— ANT{ LEVER TO RIGHT OF MAXIMUM VERTICAL
SECTION (L) (LOOKING UPSTREAM) CROSS-SECTION (R) (LOOKING UPSTREAM)
DIREGTION DIRECTION OF [DIRECTION OF DIRECTION DIRECTION OFDRECTION Of
D’RSCFT'ON oF PoSITI EOCFT'ON FORCES AND|MOVEMENTS "REOCFT'ONOFPosuTw D'R%CFTIONFORCES ANDIMOVEMENTS
e | FRCE dgt WSO U E 11 |ty [ 7G5S oty MOl i o
WOVEMENTS LOADS AOVEMENTS LOADS
MOMENTS LOADS LOADS MOMENTS LOADS | LOADS
ALL DIRECTIONS REFER TO FIGURES ALL DIRECTIONS REFER TO FIGURES
FIGURE {(a) _ FIGURE (a)
Ay =< |V < — vV — | Ay —> - |y < Y —— —
y 7w + NormaLT~ y oy T T NoRMALE> Ay
M-C m-C
M +D ) M +O
FIGURE (b} FIGURE (b)
+ +
o +Dim + D [wstCla-Clo-C | e +O|m +C st Dl -Dlo +O

Figure 4-6. Direction of positive movements, forces, moments, and loads, and direction of forces, moments,
and movements due to positive loads.—DS2-2(24)
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Er 1s the modulus of elasticity of the foundation
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VALUES OF k, IN ¥' = ¢%
7 '-DEFORMATION IN PLANE OF FOUNDATION SURFAGE
DUE TO UNIT SHEAR FORCE PER UNIT ELEMENT.

IDRAWN RTL. ... SUBMITTED Jﬁm‘/
TRACED ... JOK. - .. RECOMMENDED.__» £ Ferd.
CHECKED.E/C40. ... . . . APPROVED. S |
DENVER, COLO,3EPTY,
SHEET 3 OF 5 205-D-1623

Figure 4-8. Foundation deformation-values of k3 in equation (3).
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POISSON’S RATIO

Unit bending moment

Umit per um'_V_‘eIamem Unit shear force
element..___ One J per unit elemant
unit, - I3
- Ro'anom
AT N .
g b7

i
.10

e e
0.8 )
POISSON’S RATIO

EXPLANATION
"a"and "b" are dimensions of the loaded surface
Er 15 the modulus of elasticity of the foundation
materigl in direct stress
T 1s the thickness of the unit element as shown

DEPARTMENT OF THE INTERIOR
BUREAU OF RECLAMATION

FOUNDATION DEFORMATION
VALUES OF k,IN OC"= ¥ "= ¢
C" = ROTATION NORMAL TO FOUNDATION SURFACE
DUE TO UNIT SHEAR FORCE PER UNIT ELEMENT.
¥ " =DEFORMATION IN PLANE OF FOUNDATION SURFACE
DUE TO UNIT BENDING MOMENT PER UNIT ELEMENT.

ORAWN _ RTL . ,,suemrrgo,,zj,%/?m/,,.,
TRACED...._.J 0K RECOMMENOED Aok
CHECKED &AL, .. ... APPROVED.. .

I DENVER LT
SHEET,

Figure 4.10. Foundation deformation-values of ks in equation (2).
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Figure 4-11. Loaded area of a foundation surface-288-D-3153

o, = @ cos? Y (8)
y=1v'cosy )

It is customary to require that 6 for a unit
differential area on one side of the dam be an
average value for the equivalent developed area
of that side of the dam. If the damsite is
approximately symmetrical about the
maximum  section, dimensions of the
equivalent developed area for either or both
sides of the dam are a and b/2. For this reason,
ratios@g and b—d;iare substituted for the ratio
bla in some cases in obtaining values from the
curves on figures 4-7 through 4-10. These
substitutions are indicated below:

b
For o', a'', and 4" use rétio;.

b/2

For § ' use ratio—a-.

The final equations for movements of a unit
vertical element at either abutment of the dam
are shown below. As before, the algebraic signs
are as used for the left abutment and the
asterisk (*) indicates that signs are to be
reversed for movements at the right abutment.

0,=M,a+Va, (10)
¥, =My, b (1)
AY=Vry+M, a (12)

for which:
a=a'sin> ¢y +8"siny cos?y  (13)
o, =o'’ sin? Y (14)
§ =6"sin® ¢ +a'sin ¢ cos? ¢y (15)
y=v'sny (16)
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4-15. Selection of Elements. -If the dam is
symmetrical, only half of the dam need be
analyzed. If it is not symmetrica, the dam is
divided a a convenient plane near the center
where the canyon floor is relatively flat, or
where it is expected that little twist action is
likely to exist. Each part of a nonsymmetrical
dam is anayzed separately and continuity is
established by bringing deflections into
agreement at the dividing plane. For analyzing
one-haf of a symmetrical dam, usudly five to
seven horizontal elements and from four to
seven vertical elements are selected to represent
the structure. For a nonsymmetrical dam,
usually nine to eleven vertical elements are
required. Along a steeply dloping abutment and
at points of irregularity, additional vertical
elements may be required. Horizontal and
vertical elements should be selected so that
they have common abutments and
foundations. Occasionally, this may not be
possible for one or two vertical elements which
must be placed at critical locations. The closest
spacing of elements should be in the rcgion of
greatest twist.

4-16. Loads, Forces, and Moments. -Forces
and moments due to dead load, waterload,
earthquake shock, and other loads, and
notations are determined as indicated in
sections 4-7, 4-8, and 4-9. The concrete weight
is assigned to the cantilevers entirely, since it is
assumed that deflections due to weight take
place gradualy during construction of the dam
prior to grouting of contraction joints. The
position assumed by the cantilevers due to
concrete weight is the zero position from
which subsequent movements of the structure
are measured. Stresses due to concrete weight
are added to those determined from the
trial-load adjustment. The calculation of
deflections due to concrete weight is not
required in the analysis.

It is convenient to assign certain loads
initially to the cantilevers. These include
horizontal and vertical earthquake
concrete-inertia loads, vertical silt load,
superstructure load, horizontal ice load, and
static and hydrodynamic vertical waterloads.
The deflections caused by these initial loads
must be considered subsequently along with

DESIGN OF GRAVITY DAMS

trial-load deflections, as explained later.

4- 17. Initial and Unit Deflections of
Cantilevers. -Prior to starting an adjustment, it
is necessary to determine the properties of the
cantilevers and calculate initial and unit
deflections of cantilevers due to initial loads
and unit normal loads, respectively.

The caculation of unit forces and moments
due to unit normal loads is illustrated on figure
4-12. These loads are a system of triangular
loads having a unit value of P, generally 1,000
pounds per square foot, at each respective
elevation and decreasing uniformly to zero at
elevations above and below the point of
application.

Normal deflections of each cantilever due to
initial loads and those due to unit normal loads
are calculated by the eguation,

Mx

Ay =% [EEIAZ+Aan+AVca2] AZ

KV,
M, ap +(2 A A+, V. vy (A7)
| |

T 1

in which the symbols have the meanings given
in section 4-13. Unit abutment movements o,
a,, and v, for use in the above equation, are
determined for each cantilever by means of
equations and curves given in section 4-14. The
underlined portion of equation ( 17) represents
deflection due to shear, while the remainder
represents deflection due to bending. No
special attention need be given the underlined
portion of the equation when used for the
analysis with joints ungrouted, but it will be
referred to in the explanation for the anaysis
with joints grouted.

4-18. Unit Rotations of Vertical Elements
of Twisted Structure Due to Unit Twisting
Couple. -Unit rotations of vertical twisted
elements due to unit triangular twisting-couple
loads are illustrated on figure 4-1 3. As
previously stated, the vertica elements have
the same structural characteristics as the
cantilevers.

As shown on the figure, each twisting-couple
load has a unit value of P, usually 1,000
foot-pounds per square foot, at the elevation at
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UNIT CANTILEVER ELEMENT - PARALLEL SIDES

load
500

load

400

load
300

load
200

logd
100

LS Elev. ESOO

A Elev 400

X Elev. 300

A Elev. 200

i
!

~ -

= - r")!‘

© “Flev i 00 B 3 N
P=load per sg. unit | Unit -~

SHEARS AND MJVENTS DUE TO UNIT NORMAL LOADS

At Elevation 400

Load 500 (No.l) Load 400 (No.2)
A\é:_%'IZQO:sOP Av= £-100=50P
AM=5100-5100=3333P A M =5 100 & 100:1667P
At Elevation 300
Load 500 (No. I) Load 400 (No.2)

AV =50P AV = 5:200=100P
AMy=%100(5100+100)=8333P  AM 4 = & 200100=10,000 P
Load 300 (No.3)
AV=%100=50P
AMy=£100 5100 = 1667 P
Other Elevations Similar
AV o Horizontal force of portion of load above an elevation.

Note: In

AM = Moment of AV about on elevation.
accordance with sign convention, AV and AM are negative.

Figure 4-12. Unit normal loads on a cantilever.—DS§2-2(25)
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UNIT CANTILEVER ELEMENT = PARALLEL SIDES

k“-Elev. 500
No. | -
\~-Elevi 4
No 2- 00
»‘\r\ ) - ) 1
No. 3 --Elev. 300 /
No.4 PNA [ [ N-Elev 200 [/
AN |
- I
l-;-x\,---)-ll ~---Elev. 100
‘~P: load in ft Ibs. per sqg. unit. | unit--"
TWISTING MOMENTS DUE TO UNIT TWIST LOADS
At Elevation 400
Load 500 (No.11 Load 4_20 (No.21
AMyy, = $100 = 50P AMyy, = 5 100250 P
At Elevation 300
Load 5%0 {No.i) Load 400 (No.21
AMyy, = F100 = 50P AMyy, = §200:100P

Load 300 (No6.31
AMyy, = 5 100= 50P

At Elevation 200
AMXYI = 50P AMxy3= IOOP

AMxy2=lOOP AMX“= 50P
Other Elevations Similar

Note: In accordance with sign convention, Mxy is negative.

Figure 41 3. Unit twist loads on a cantilever.— DS2-2(26)
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which the load is applied, which decreases
uniformly to zero at elevations of horizontal
elements above and below the point of
application. The vaue of the twisting moment
a any eevation due to a given unit load is
equal to the volume of the portion of the
wedge representing that load, above the given
elevation, as may be seen by the caculations
given on figure 4- 3. Unit rotations of a
vertical element on the left side of the dam are
caculated by substitution of the above twisting
moments in the equation which follows, where
the symbols have the meanings given in section
4-13.

_ Mxy
02 = EWAZ+AMxy 1)

(18)

In the above, J is a factor for determining
twist in a shaft of uniform cross section. The
values of J are computed [3] from the
equation,

J=8bc? (19)

where:

b = longer side of horizontal cross section
of element. (In this case the eement
is the block between two ungrouted
contraction  joints.)

c = shorter side of horizontal cross
section of element.

The following tabulation gives values of g for
various ratios of b/c:

blc | 1.00 1.50 1.75 2.00 2.50 3.00
g 0.141 | 0.196 | 0.214 0.229 | 0.249 | 0.263
blc } 4.00 6.00 8.00 10.0 o

g 0.281 | 0.299 | 0.307 0.313 | 0.333

To facilitate determining the proper values
of J for the different elevations of each vertica
element, the data in the above tabulation have
been plotted and a curve drawn as shown on
figure 4-14. The ordinates of the curve are the
vaues of g and the abscissas are the
corresponding ratios of b/c from the above
table. Using the computed ratio of b/c for the
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elevation at which J+is to be computed, the
value of 8 is determined from the curve. This
vaue of g, together with the values of b and c,
is then substituted in equation (19) and J
computed for that elevation. This procedure is
repeated for each elevation analyzed. The
values of J thus computed are for a block
having a width equal to the distance between
the ungrouted contraction joints. To determine
J for an element 1 foot wide, the computed
values are divided by the distance between the
contraction  joints.

The values of J determined by the above
method will hold for any unit element within
this block or similar blocks having the same
distance between the contraction joints and the
same thickness at each elevation. However, if
there are other blocks in the dam that have
different distances between the contraction
joints, thus changing the ratio of b/c at
different beam elevations, values of J for these
blocks must also be determined. Care should be
taken to assign the proper values to b and c in
each computation, b being the longer side of
the rectangular cross section of the block at the
elevation under consideration and c the shorter
side.

Equation (19) was developed for shafts or
beams of uniform cross section, and the values
of J computed from this equation for the
verticad elements in the dam are therefore only
approximately correct since the cross sections
are not uniform.

4- 19. Unit Deflections of Horizontal
Elements of Twisted Structure.-Unit
deflections of horizontal elements due to shear
are used in calculating deflections for each
adjustment. Unit loads are applied to the
horizontal elements by means of triangular
loads which have a value of P pounds per
square foot at the abutment and vary as a
dtraight line to zero at the intersections of each
respective vertical element with the horizontal
element. The shear deflections due to a
uniform load and those due to a unit
concentrated load at the vertical dividing plane
are also computed (see fig. 4-15). The
concentrated load is used to provide deflection
agreement of the two portions of the dam. The
general equation used to compute the above
deflection is:
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Dota for determining factor "J" due to twist of

0 shaft of rectongulor cross section,
J:Bbc’

Token from Timoshenko's, “Strength of Moterials,
Part I, p. 77.
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Figure 4-14. Graph for determining J factor due to twist of a shaft of rectangular cross section.-288-D-3154

dx+ Ve (20)

KV
Ay:/GAT

in which the symbols have the meanings given
in section 4-13.

Usng K = 1.25 and G = E/2( 1 + u), the
general equation reduces to the following,
where L is the length of the haf-dement, L’ is
the length of the loaded portion, measured
from the abutment, and x is the distance from
the abutment to the point where deflection is
desired. For a unit triangular load,

- p N2y 2" 42 31
Ay m—r—[s(l,)x 3Lx+x

tVay (21)

For a uniform load,

3P

A= -5

[2Lx—x2:| + Vyy(22)
For a unit concentrated load,

3Px+ Vo

“E4 (23)

Ay =

Shear forces are equa to the area under the
unit-load diagram from the dividing plane of
the dam to the cantilever points under
consideration, and are negative in sign.

Values for unit deflections due to shear in
horizontal elements are tabulated for
convenient use in the adjustments.

4-20. Trial Loads.-Following the
computation of unit-load deflections and
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rotations of horizontal and vertical elements,
the next step in the anaysis is the trial division
of horizontal waterload between the cantilever
structure and the twisted structure. This
depends a great deal on experience and
judgment. An examination of unit deflections
is frequently of help in reveding the relative
elasticity of the elements. Generally the
cantilevers carry the greater proportion of load,
especiadly in the middle portion of the dam.
Near the abutments, however, the twisted
structure usually carries the greater proportion
of load, depending on the size of dam, shape of
canyon, and elastic properties of the concrete
and rock. One pat of the total water-load is
placed on the cantilever structure and the other
part on the horizonta elements of the twisted
structure.  No external waterload is placed
directly on the vertica twisted elements.

4-21. Angular Rotation of Vertical Twisted
Elements due to Trial Loads on Horizontal
Elements. -The shear force due to trial normal
loads on a horizontal element, at the location
of any vertica eement, is equal to the area
under the load diagram from the dividing plane
to the vertical element under consideration. A
twisting couple is produced in the vertical
element as a result of the shear force in the
horizontal element at that point. Since the
width of the vertical element is unity, the
twisting couple in the cantilever is numericaly
equa to the shear in the horizonta eement.
Since couple loads are in thousands of
foot-pounds per sguare foot, shear forces must
be expressed in thousands of pounds units. The
general sign convention must be followed. By
summating the respective products of these
couple loads and the rotations of vertical
twisted elements due to unit twist loads, the
angular rotations in the vertical elements due
to shear forces on the horizontal elements are
obtained.

4-2 2. Deflections of Twisted
Structure. -The deflections of the twisted
structure due to angular rotations of vertical
elements are obtained by integrating the
angular rotations aong the horizonta eements
from the abutment to the dividing plane of the
dam. This, however, gives only one component
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of the twisted-structure deflection. The other
part is shear detrusion due to trial loads on the
horizontal elements, which is computed by
summating the respective products of the loads
and the unit deflections of horizontal elements
due to shear (see sec. 4-19). The sum of these
two parts is the total twisted-structure
deflection due to trial loads. However, for
comparison with cantilever deflections as to
agreement at conjugate points, there must be
added to the twisted-structure deflections the
abutment movement of the particular vertica
element of the cantilever structure (herein
termed the conjugate vertica element) which
has an abutment common with the horizontal
element of the twisted structure.

4-23. Deflections of Cantilever
Structure. -Cantilever deflections due to tria
loads are calculated by summating the
respective products of these loads and the
cantilever deflections due to unit normal loads
(see sec. 4-17). To these deflections are added
algebraically the deflections due to initial
loads, and, for comparison with the total
twisted-structure deflections, are also added
the movement at the base of the cantilever due
to shear at the abutment of the conjugate
horizontal element of the twisted structure.
For cantilevers in a relatively flat canyon
bottom where the foundations do not coincide
with the ends of horizontal elements, this latter
abutment movement is usualy assumed equal
to zero.

4-24. Stresses and Stability Factors. -After
satisfactory continuity of the structure, or
agreement of deflections a conjugate points,
has been obtained by trial, the total shears and
moments at various points in the cantilevers
may be computed from the established trial
loads. This is done by summating the products
of the trial loads and the unit moments and
shears, respectively, due to 1,000-pound unit
loads. Stresses are then calculated for trial
loads and added algebraically to stresses
caculated for concrete weight at the faces of
the dam. Stress equations are given in a later
section. Stability factors are calculated in the
usual manner.
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2. Trial-Load Twist Method of

Analysis, Joints Grouted

4-25. Description of Method. -The grouting
of contraction joints welds the vertical blocks
of the dam into a monolithic structure. In this
case the dam has a different action under load
than when joints are ungrouted. Grouting
reduces the deflections of the structure for a
given loading, since both horizontal and
vertical elements of the dam are subject to
bending and twisting in both horizontal and
vertical planes. For very small dams, say under
50 feet in height, the effect of bending in the
horizontal elements is very smal and may be
neglected; for higher dams, however, it is
usually included. The general procedure is
similar to that used for joints ungrouted, but
an additional structure, designated the beam
structure, is introduced for resistance to
bending in horizontal elements. For this
analysis, then, we have the cantilever structure,
the twisted structure, and the beam structure,
or three structures instead of two, the twisted
structure being composed of both vertical and
horizontal elements as previously described.

If the dam acts as a monalith, as assumed,
the deflections of the cantilevers, horizontal
beams, and twisted structure-due to trial
divisions of waterload between the three
systems-must be brought into agreement in al
parts of the dam. Furthermore, for complete
continuity, the longitudinal slopes of the
cantilever must equa the transverse dopes of
horizontal elements, and the longitudinal
slopes of the horizontal elements must equa
the transverse slopes of the cantilevers. A
general slope adjustment is not necessary,
however, since the adjustment of deflections in
the horizontal elements of the twisted
structure produces agreement of the
longitudinal dopes of the horizontal elements
with the transverse slopes of the cantilevers.

The adjustment is more complicated than
for joints ungrouted, since three structures are
used instead of two. As an initid step in the
analysis, the waterload is divided by trial
between the three structures, as illustrated
diagrammatically for a cantilever element on
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figure 4-16(b). It should be noted that one-half
of the twisted-structure load is carried to the
foundation by the vertical twisted elements
and one-haf to the abutment by the horizontal
twisted elements. That such a distribution may
be assumed for the twisted-structure load was
shown by H. M. Westergaard in 1930 in his
review of the trial-load anaysis of arch dams.
The principle will be explained by illustration.
Figure 4-17(a) shows a triangular dam, 5 units
high and 10 units along the crest from the
dividing plane of symmetry to the left
abutment. The vertical cross sections in planes
normal to the plane of the paper are assumed
to be of unit uniform thickness from the top to
the base. Rigid foundations are assumed, hence
abutment and foundation rotations are omitted
from the analysis. A twisted-structure load
applied a a point x; , z;, produces angular
rotations in the beams and cantilevers of the
twisted structure. The calculations on figure
4-17 show that if these rotations are integrated
along their respective planes from beam
abutment and cantilever foundation to the
point of application of the load, the resulting
deflections a the latter point are equa [4],
from which it can be concluded that equal
amounts of load are transferred verticaly and
horizontally by the twisted structure. It should
be noted that, while the assumption of an
equal load distribution is correct for a
uniform-thickness section, it is only
approximately true for a variable-thickness
section.

By hypothesis, the beam and cantilever
structures can resist only bending and shear,
while the twisted structure can resist only twist
and shear. Figure 4-1 7(b) illustrates an element
of the beam structure subjected to load. Any
portion of this element, ABCD, which may aso
be considered as part of a cantilever element, is
seen to be in equilibrium due to moments and
shears set up by load P. The total clockwise
moment acting on the eement is P multiplied
by the arm of 10 feet, plus a couple consisting
of the shear P multiplied by an arm of 1 foot,
which is balanced by a counterclockwise
ressing moment of P multiplied by 11 feet.
Therefore, the load on the beam does not
require a resisting twist in the cantilever
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(a) NEGLECTING EFF

BEAM ACTION
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LOAD CARRIED BY TWISTED STRUCTURE

Transferred laterally to abutment
Transferred vertically to foundation

LOAD CARRIED BY CANTILEVER STRUCTURE

Transferred vertically to foundation

ECTS OF HORIZONTAL
IN BENDING

LOAD CARRIED BY TWISTED STRUCTURE

- Transferred laterally to abutment
---Transferred vertically to foundation

LOAD CARRIED BY HORIZONTAL BEAM
ELEMENT

Transferred laterally to abutment

LOAD CARRIED BY CANTILEVER STRUCTURE

---Transferred vertically to foundation

(b) INCLUDING EFFECTS OF HORIZONTAL

BEAM ACTION

IN BENDING

Figure 4-16. Trial-load twist analysis for a straight gravity dam-joints grouted. Division of external horizontal loads is
shown.-103-D-275
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(d) DISTRIBUTION OF TWISTED- STRUCTURE LOAD
BASIC ASSUMPTIONS

Dam is symmetrical in triangular site about axis z,. Vertical cross-sectms
in pignes normal to plane of paper are of unit uniform thickness
from top to base of dam. 261 = unity. Half length of dam, ; twice height,
h. Abutment and foundation deformations not included,shear defrusions omitted.

Let a unit twisted-structure load of P intensity be applied at a point
Xs, Zo in the dam. Let the angular rotations in both the xy and yz
planes due to unit twisting moments = | per unit length. Assume one-half
the twisted- structure load is carried horizontally to abutments and
one-half carried vertically to foundation, by twist action.
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Figure 4-1 7. Twisted-gtructureloads.—DS2-2(30)
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element for equilibrium. Similarly, the load
carried by a cantilever requires no resisting
twist in the beam eement.

Figure 4-17(c) illustrates an element of the
twisted structure subjected to load. Any
portion of this dement, ABCD, which may aso
be considered as pat of a verticd
twisted-structure element, is subjected to a
resultant shear couple of amount P with an arm
of 1 foot. Therefore, for equilibrium, a load on
the horizontal element of the twisted structure
requires a resisting twist in the vertical element,
and smilarly a load on the verticd element
requires a resisting twist in the horizontal
element.

4-26. Assumptions. -From the foregoing
considerations, the structural action of the
elements of the dam may be assumed as
follows:

(1) The cantilever elements resist shears in
horizontal planes and bending in vertical
planes.

(2) The horizontal beam elements resist
shears in vertical planes and bending in
horizontal  planes.

(3) The twisted structure resists twisting
moments and shears in horizontal and vertica
planes.

4 - 2 7. Horizontal Beam Elements. -The
horizontal beam elements are assumed to be 1
foot in vertical thickness with horizontal top
and bottom faces and vertical upstream and
downstream faces. Calculations of deflections
are made by the ordinary theory of flexure for
beams, with contributions from abutment
yielding included. The same types of unit loads
as described in section 4-19 for horizontal
elements of the twisted structure are used for
calculating unit deflections of each horizonta
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beam. In addition, however, there is included a
concentrated moment load at the “free end” or
“crown” of the beam, that is, at the dividing
plane, and adso a concentrated normal load at
the same free end. Unit dopes are calculated
for the crown and the abutment. Unit slopes of
the beams a the abutment are used to obtain
the effect of beam abutment forces on rotation
of the base of the conjugate vertical twisted
element, and unit slopes at the crown are used
to establish slope agreement at the dividing
plane between beams in the left haf and beams
in the right haf of the dam.

4-28. No ta tions. -lIn addition to
nomenclature given in section 4-13, the
following terms are given for equations used
for movement in horizontal beams. Figure
4- 15, used for illustrating horizontal elements
of the twist structure, is also illustrative of
horizontal beams.

distance from abutment to any

point under load.

distance from abutment to any

point on beam where

deflection is desired.

L’ = distance from abutment to end
of load.

L = length of beam from abutment

to crown.

moment and shear, respectively,

a any point due to externa

load to right of point, for

left haf of beam. For right

half of beam use subscript p .

I

X

Xp

My, v,

Subscript:

twisted structure.

11

T

4-29. Equations. -Equation (17) is used for computing cantilever deflections due to initial loads
and due to unit norma loads. The underlined portions of equation (17) and subsequent equations
give cantilever deflections due to unit shear loads. The deflection of the cantilever due to the
portion of load carried by verticall elements of the twisted structurc may be dctcrmincd by use of
these unit-shear deflection eguations. The following equation is used in place of equation (18) for
calculating the angular rotations of cantilevers in horizontal planes:

M,
- Y
6,=% Az+ 4 My, 8

=567 (24)
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The general equations for rotation and deflection a any point in a horizontal beam element,
including effects of bending, shear, and abutment movement, are as follows:

0= /de+MAa+VA . (25)

Ay = / X dx | /Vdv +Myax+Mya, +Vy v+ V, 0 x (26)

(8 Triangular Load.-Slopes and deflections due to a triangular normal load may be calculated
at any point aong the centerline of a beam in the left half of the dam by means of the eguations
given in this subsection. Equations for the right haf of the dam are the same except for a reversa
in the sign of dopes. Equations for moment and shear are:

- P —x)_ P [, 1
M=- — = ——= L')? ~ -
61’ ei E T sl T (27)
I e 2
yo P@Lxy_TaT [(L) -2L'x+x21 (28)
The equation for dlope at any point is:
xp xp
— de= P "3 2 77
e—[ ET - " 6EIL (L)‘[ dx — 3L 1| x d X
Xp *p
+3L x? dx—/ x3 dx
0 (o
kP "3 _ N2, 2 ' 3 _ 4 4
WMETL [4(L)xp 6 (L) x,*+4 Lx, X
+MA a+t VA Qg (29)
For
X, = L' tox, =L,
"3
o= 2Ly a+ v, (30)

24E1
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The equation for deflection at any point is:

*p *p
M@, —x) Vd
= P X
0 0
= F 10 (L) %, — 10 (L") x,° + S L%, ¢ —x, 5
120EIL | P~ )* Xp Xp' = Xp
ML | 97 3Lk, +x,3
2EAL Xp =2 LXp® txp® Vvt My o
! |
+ [MA o + VA az] xp (31)
When
X, = L,
_ P PN
AJ’—“30E1‘2%2+VA7+MA0¢2+ [MAa+ VAaz]xp (32)

For

X, >L tox, =L,

__PWY PULY PUY :
A= 3ET  TEA " RET% L) A VavtMy et [MA “tVa “21 Xp  (33)
b —

(b) Uniform Load.-The equations for moment and shear due to a uniform norma load on a
horizontal beam are:

M=__£(L2;x)2=__gi [L2—2Lx+x2] (34)
v= —P(L -x) (35)

The eguation for dope at any point is:

p
6= M d
[ X (36)

0= —%ET [3L2 Xp —3Lxp" +xp31 tMy et Vy (37)
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When
x, =L,
_ PIL3
6——m+MA a+ VA (42} (38)
The equation for deflection a any point is:
*p *p
M (x, —x)dx vd
= T M X
Ay‘f El +3_/ EA
(V] 0
P [ep2y2 3 ] __3°r _ ]
~AE] [6L x, —4pr +x, SEA [2pr Xp
| |
I 1
+|VA 7+MA 193 + [MA at VA 0[2]. xp (39)
When
x, =L,
PL4 3PL?
By == 5ET Bt a M et [Maa s Vyad L (40
[

(c) Concentrated Moment at Free End of Beam.-The equations for moment, shear, sope, and
deflection for this condition are:

M=-P V=0
Px
=L +M, o (41)
x 2
AJ/:‘QTE?TﬁLMA a; My ax, (42)

For x, = L, the latter value is substituted in the above equations.

(d) Concentrated Normal Load at Free End of Beam.-The equations for moment, shear, and
dope for this condition are:

M=-P(L-x) v =-P

P
0=—5p7QLx, —x,2)+ My a+ V, a (43)
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When x, = L,
o Pl v vy (44)
The equation for deflection is:
P ) 3Px
Ay:‘ﬁ‘iGpr _ 3)_EA + | Mya+Vyay| X, +My ay +Vyy (45)
S
When x, = L,
3
— 1

The underlined portions of the preceding equations are equivalent to expressions for unit
cantilever deflections obtained by equations (21) to (23), inclusive. Therefore, by keeping separate
the underlined portions of equations (33), (40), and (46), shear deflections due to unit shear loads
on horizontal elements are obtained a the same time as beam deflections due to unit normal
loads. An example of a twist analysis of a gravity dam with joints grouted is shown in appendix B.

3. Analysis of Curved Gravity Dams

4-30. Method of Analysis-If a gravity dam is curved in plan only for convenience in locating
the structure on the existing topography and contraction joints are not grouted, the analyses
should be made as described for straight gravity dams. However, if the joints are grouted and the
dam is curved, arch action is an important factor in the reliability of the structure. Under these
circumstances, it is desirable to analyze such a structure by an arch dam analysis method rather
than by the gravity method described earlier. The arch dam anayss, including computerized
application, is described in the Bureau of Reclamation publication “Design of Arch Dams’ [ 17] .

D. DYNAMIC ANALYSIS

4-31. Introduction. -The following method for dynamic analysis of concrete gravity dams can
be described as a lumped mass, generalized coordinate method using the principle of mode
superposition [5]}. Application of the method is done by computer, and matrix methods of
structural analysis are used. The method is similar to that proposed by Chopra [6] .

4-32. Natural Frequencies and Mode Shapes.-The section analyzed is a two-dimensional cross
section of the dam. The section is represented by finite elements [7] with the concrete mass
lumped at the nodal points. The natural frequencies f, , f,, f;, €c., and the corresponding mode
shapes (¢;), , (¢;)2 , (¢;)3 (where i indicates the assigned number of the mass point) are found by
the simultaneous solution of equations of dynamic equilibrium for free vibration. There is one
equation for each lumped mass. This problem is known as an eigenvalue problem. There are
standard computer solutions available for the eigenvalue problem.

The input that will be required for the solution of the eigenvalue problem will be the stiffness
matrix [K] and the mass matrix [M]. A typical element in the stiffness matrix, K;;, represents the
force a i due to a unit deflection of j with al other points remaining fixed. The mass matrix is a
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diagona matrix of the lumped masses. Each lumped mass includes the mass of the concrete
associated with that point. To represent the effect of the water against the dam on the frequencies
and mode shapes, a mass of water is divided appropriately between the mass points. The volume of
water assumed to be vibrating with the dam is given by an equation developed by Westergaard [ 8].

The equation is:

b=7/8Vhz (47)
where:
b = the dimension of the water measured horizontaly from the upstream face,
z = the depth of water a the section being studied, and
h = the distance from the water surface to the point in question.

4-33. Response to an Earthquake.-Given the natural frequencies, mode shapes, and an
acceleration record of an earthquake, the following equation expresses the acceleration of point i

inmode 1, x;,, , a a function of time:

A2n(t 1)
X;, =6y w-/ Xg(r)e sin—?—;r— (t—1)dr (48)
0

n

A = viscous damping factor,
x,(r) = the acceleration of the ground as a function of time, digitized for the numerical
evaluation of the integra,

¢ = noda displacement,
M = mass,

7 = time, and

t

= a paticular time, 7 = t.

Little data are available on the damping in concrete gravity dams, expressed as A in equation
(48). Chopra [9] indicates that a reasonable assumption for A in a concrete gravity structure is
0.05.

Equation (48) is evaluated at chosen increments of time. An increment of 0.01 second has been
used. At the end of each of these time increments, the accelerations for al node points in al the
modes being considered are summed as in the following equation:

Z Xin (49)

The response history is scanned for the time of the maximum vaue of acceleration a the crest.
The x; at this time is the acceleration for the dam. These values can be divided by the

acceleration of gravity to give a;.
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After the acceleration ratios, «;, are determined for the necessary elevations in the dam, the
resulting loads on the structure should be calculated as described in the following paragraphs.

4-34. Loads Due to Horizontal Earthquake Acceleration.-For dams with verticad or sloping
upstream faces, the variation of hydrodynamic earthquake pressure with depth is given by the
equations below [ 10] :

pp=Cawz (50)

_Cu |l n h h h
C—T[;(ng‘)‘F 7(2— )] (51)

7
where:

pg = pressure normal to the face,
C = a dimensionless pressure coefficient,
o = horizontal earthquake acceleration
acceleration of gravity !
w = unit weight of water,
z = depth of reservoir at section being studied,
= vertical distance from the reservoir surface to the elevation in question, and

C,, = the maximum value of C for a given slope, as obtained from figure 4-18.

For dams with combination verticadl and doping face, if the height of the vertical portion of the
upstream face of the dam is equal to or greater than one-half the total height of dam, analyzc as if
vertical  throughout.

If the height of the verticad portion of the upstream face of the dam is less than one-half the
total height of the dam, use the pressure which would occur assuming that the upstresm face has a
constant slope from the water surface elevation to the heel of the dam.

Values of Vg or ¥,z and M,p or M,y should be computed for each increment of elevation
selected for the study and the totals obtained by summation because of the nonlinear response.
The inertia forces for concrete in the dam should be computed for each increment of height, using
the average acceleration factor for that increment. The inertia forces to be used in considering an
elevation in the dam are the summation of al the incremental forces above that elevation and the
total of their moments about the center of gravity at the elevation being considered.

The horizontal concrete inertia force (Fg) and its moment (M;) can be calculated using
Simpson’s rule.

4-35. Effects of Vertical Earthquake Accelerations. -The effects of vertica accelerations may
be determined using the appropriate forces, moments, and the vertica acceleration factor. The
forces and moments due to water pressure normal to the faces of the dam and those due to the
dead loads should be multiplied by the appropriate acceleration factors to determine the increase
(or decrease) caused by the vertical accelerations.

E. THE FINITE ELEMENT METHOD

4-3 6. Introduction. -The finite element body may be considered an assemblage of
method utilizes the idea that a continuous distinct elements connected at their corners.
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This computerized method has become a
widely used and accepted means of stress
analysis in the last decade. The literature of the
past few years contains numerous examples of
specidlized uses of the finite element method.
The reason for the ready acceptance and
tremendous amount of use of this method is
that it made possible the approximate solution
of many problems which engineers had been
neglecting, overdesigning, or grossly
approximating. The inclusion of complex
geometrical and physical property variations
prior to adaption of the finite element method
and the modern high-speed digital computer
was smply beyond the ream of redity. The
finite element method permits a very close
approximation of the actual geometry and
extensive variations of material properties
simply and inexpensively. The formulation and
theory of the finite element method are given
in several publications including those by
Clough [ 11] and Zienkiewicz [ 12].

Because of the ability of the method to
analyze special dituations, this is the area in
which the most application has been made. The
two-dimensional finite element method is
capable of analyzing the majority of problems
associated with variations in the geometry of
sections of the dam. Three-dimensional effects
can be approximated by making a
two-dimensional analysis in more than one
plane. The two-dimensional finite element
method is capable of solving for stresses
economically even when great detail is
necessary to attain sufficient accuracy.

When the structure or loading is such that
plane stress or strain conditions may not be
assumed, the three-dimensional finite element
method may be used. The applicability of this
method to problems with extensive detail is
limited by computer storage capacity and
economics. However, the method is often used
for problems with near uniform cross section
or where only the general state of stress is
desired. Additionally, the three-dimensional
method finds application when the effect of an
eccentric load or member is to be found.

Many two- and three-dimensional finite
element programs with varying accuracy and
capability have been written. The programs
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used by the Bureau for analyses connected
with gravity dams are discussed below.

1. Two-Dimensional

Finite Element Program

4-37. Purpose.-The purpose of this
computer program is to determine
deformations and stresses within
two-dimensional plane stress structures of
arbitrary shape. The structure may be loaded
by concentrated forces, gravity, and
temperature, or by given displacements.
Materials whose properties vary in compression
and tension may be included by successive
approximations.

4-38. Method.-The structure is divided into
elements of arbitrary quadrilateral or triangular
shape. The verticies of these shapes form nodal
points. The deflections a the nodal points due
to various stresses applied to each element are a
function of the element geometry and materia
properties. The coefficient matrix relating this
deflection of the element to the load applied is
the individual element stiffness matrix. These
stiffnesses are combined with the stiffnesses of
al the other elements to form a global stiffness
matrix. The loads existing at each node are
determined. The deflections of each node in
two directions are unknown. The same number
of equations relating stiffness coefficients times
unknown deflections to existing loads (right
hand members) have been generated. The very
lage coefficient matrix is banded and
symmetric. Advantage of this fact is taken into
account in the storage of this matrix. The
equations are solved by Gauss elimination.

In this method each unknown is
progressively solved for in terms of the other
unknowns existing in the equation. This vaue
is then subdtituted into the next equation. The
last equation then is expressible in only one
unknown. The value of this unknown is
determined and used in the solution of the
previous equation which has only two
unknowns. This process of back substitution
continues until all unknowns are evaluated.
The known deflections, the stiffness of the
individual eements, and the equations relating
strain and stress for the element are then used
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to calculate the stress condition for the
element.

4-39. Input.-The problem is defined by a
card input that describes the geometry and
boundary conditions of the structure, the
material properties, the loads, the control
information for plotting, and the use of
options in the program. Mesh generation, load
generation, and material property generation
are incorporated in the system.

4-40. Output.-The output of this program
consists primarily of a print of the input data
and the output of displacements at each node
and stresses within each element. In addition, a
microfilm display of the mesh and of portions
of the mesh with stresses plotted on the display
is available. Some punched card output is also
available for special purposes of input
preparation or output anaysis.

4-4 1. Capabilities. —

(1) Loading. -External forces, temperature,
and known displacements are shown, and
accelerations given as a percentage of the
acceleration due to gravity in the X and Y
directions.

(2) Phy sical property variations. -The
program alows reading-in changes in modulus,
density, reference temperature, and
accelerations after each analysis. Stresses and
displacements may then be computed with the
new properties and loading without
redefinition of the structure.

(3) Plotting. -A microfilm plot of the entire
grid or details of it may be obtained. The
detailed plot may be blank or can be given with
principal, horizontal, vertical, and shear
stresses. Either plot may aso be obtained with
the material number identification given within
each element.

(4) Bilinear material properties. -The
program allows for input of a modulus in
compression and in tension. The tension
modulus is included in successive
approximations after the determination of
tension in an element has been made.

(5) Openings. -An opening may be
simulated in the structure by assigning a
material number of zero to any element or by
actually defining the structure with the
opening not included in the definition. The
former method allows for optimum use of
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mesh generation and allows for considerably
more flexibility.

(6) Checking and deck preparation. -Several
options exist that allow for checking and
facilitating input preparation.

(7) Shear stiffness.-The effect of shear
stiffness in the third dimension may be
included.

(8) Units. -The program output units match
the input units. In general, these units are not
shown on the output. The option exists,
however, that allows units to be given on the
output in feet and pounds per square inch
provided that the input was in feet and kips.

(9) Normal stress and shear stress on a
plane-The normal stress and the shear stress
on any given plane can be computed. In
addition, given the angle of internal friction
and the cohesion for the plane, the factor of
safety against dliding can be computed.

(10) Reference temperature. -Temperature
loads are applied with respect to a given
reference temperature for the entire problem.
If certain portions of the problem have
different reference temperatures, these may be
input on the material properties card and
would override the overall reference
temperature for that materia only.

(11) External forces may be applied using
boundary pressures. The program calculates
concentrated loads at the nodes based on these
pressures.

(12) The input coordinates may be prepared
by digitizing a scale drawing of the problem.
The actual scale can be adjusted for within the
program by inputting a scale factor on the
control card. The coordinates used by the
program are the input coordinates times the
scale factor. If no scale factor is involved, the
coordinates are used as they are given.

4-42. Limitations. —

(1) Nodes, 999; elements, 949; materials,
100.

(2) Bandwidth (maximum difference
between nodes of any element) = 42.

(3) Maximum number of rows in a detailed
plot section = 25.

4-43. Approximations. =

(1) Linear deflection distribution between
nodes.

(2) Curved surface has to be approximated
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by a series of straight lines.

(3) Points of fixity must be established on
the boundaries.

(4) Two-dimensional plane stress.

4-44. Application to Gravity
Dams. -Two-dimensional finite element
analysis is adaptable to gravity dam analysis
when the assumption of planarity is used. The
stress results for loading of typical transverse
sections (perpendicular to the axis) are directly
applicable. Sections including auxiliary works
can be analyzed to determine their stress
distribution. Both transverse and longitudinal
sections should be prepared and analyzed for
local areas with extensive openings. The results
of the stress distributions are combined to
approximate the three-dimensional state of
stress.

The two-dimensiona finite element analysis
allows the foundation with its possible wide
variation in material properties to be included
with the dam in the analysis. Zones of tension
cracks and weak seams of material can be
included in the foundation. The internal
hydrostatic pressure can be included as loads
on the section to be anayzed.

Foundation treatment requirements for
achieving suitable stresses and deformations
can be determined with acceptable accuracy
using this two-dimensional finite element
program.

An example is given in gppendix C which
illustrates the application of the
two-dimensional finite element method to
analysis of a gravity dam and its foundation.

2. Three-Dimensional

Finite Element Program

4-45. Application. -This computer program,
which was developed by the University of
California at Berkeley, uses the
Zienkiewicz-lrons isoparametric
eight-nodal-point (hexahedron) element to
analyze three-dimensional elastic solids [ 12] .
The elements use the local or natural
coordinate system which is related to the
X-Y-Z system by a set of linear interpolation
functions. These local coordinates greatly
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simplify the stiffness formulation for the
element. The displacements are also assumed to
vary linearly between the nodes. Thus the same
interpolation functions can be used for
displacements. This common relationship of
geometry and displacement is the reason for
the name isoparametric element.

Once the displacement functions have been
established, the element strains can be
formulated. The nodal point displacements are
related to the element strains in the
strai n-displacement relations. The element
stress is related to strain using the stress-strain
relations for an elastic solid. Energy
considerations (either minimum potential
energy or virtua work) are used to establish
the relationship between nodal point
displacements and nodal point forces. The
relationship is a function of the stress-strain
and the strain-displacement characteristics.
This function, by definition, is the element
stiffness.

The element diffness is the key feature in
the finite element solution. Each element
stiffness is combined into a global stiffness
matrix. In this matrix the stiffness at each node
is obtained by summing the contribution from
each element which contains that node. A set
of eguations for the entire system is obtained
by equating the products of the unknown
displacements times the stiffnesses to the
known forces at each noda point.

Nodal displacements are determined by
solving this set of equations. Stresses are
computed at the nodes of each element, using
the same drain-displacement and stress-strain
relations used in the formulation of the
element diffness. The stresses at a node are
taken as the average of the contributions from
al the elements meeting at that node.

4-46. Capabilities and Limitations. -The

program is able to analyze any
three-dimensional elastic structure. The linear
displacement assumption, however, limits the

efficient use of the program to problems where
bending is not the primary method of load
resistance. Accurate modeling of bending
requires the use of several elements (three have
been shown to work fairly well) across the
bending section. When acceptance of load is by
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shear and/or normal displacement along with
bending, the element is capable of modeling
the displacement efficiently. A comparison of
the accuracy of elements by Clough [ 13]
demonstrates this point with several sample
problems.

The program capacity for a
65,000-word-storage computer is 900 elements,
2,000 noda points, and a maximum bandwidth
of 264. The bandwidth is defined as three
times the maximum difference between any
two node numbers on an element plus 3. On a
CDC 6400 electronic computer the time for
analysis in seconds is approximately:

number of number of
0.024 l:nodal points] +0.45 [elements ]

number of
nodal points bandwidth | 2
+ 100 ——7'7T— Xx3x —9—6—

For a problem which uses the full program
capacity, this is equal to:

0.024(2,000) + 0.45(900)

2
: %x 3y <2_966i> = 6,308 seconds,

or about 105 minutes.

The cost of operating increases
approximately as the square of the bandwidth.
This economic consideration often restricts the
user to a relatively coarse mesh.

Capability for use of mesh generation,
concentrated loads, automatic uniform or
hydrostatic load application, and varying
material properties exists in the program.

The elements (see fig. 4-19) are arbitrary
six-faced solids formed by connecting the
appropriate nodal points by straight lines.
Nonrectangular solid elements, however,
require additional time for stiffness
formulation because of the necessity of
increased numerica  integration.

4-47. Input.-The structure to be analyzed
is approximated by an assemblage of elements.
The finest mesh (smalest sized elements) are
located in the region of greatest stress change
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Coordinate
axes

Figure 4-19. A finite element with nodal point numbers
and coordinate axes-288-D-2994

to allow for accurate modeling of
deformations. The division is aso made such

(52) that the minimum bandwidth is possble, and

the nodes and elements are numbered with this
consideration in mind. The program requires
the following basic information:
(1) Operational data such as title,
number of jobs, number of elements,

maximum bandwidth, number of
materials, etc.

(2) The conditions of restraint on the
boundary.

(3) The material description of the
elements.

(4) The accuracy of integration
required for each element.

(5) The X-Y-Z coordinates of each
nodal point and the eight nodal point
numbers forming each element (mesh
generation can be used to accomplish
these functions).

(6) Applied forces (it is possible to use
automatic load generation).

4-48. Output.-The program output consists

of:

(1) A reprint of al input information

including the information automatically
generated.

(2) The displacements in the X, Y, and

Z directions for each of the noda points.

(3) The norma stress in the X, Y, and

Z directions and the shear stress in the
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XY, YZ, and XZ planes at each nodal
point.
A sample problem showing mesh
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formulation, input data, and output is given in
appendix C.

F. FOUNDATION ANALYSIS

4-49. Purpose. -The foundation or portions
of it must be anayzed for stability whenever
the rock against which the dam thrusts has a
configuration such that direct shear failure is
possible or whenever diding failure is possible
along faults, shears, and joints. Associated with
stability are problems of local overstressing in
the dam due to foundation deficiencies. The
presence of such weak zones can cause
problems under either of two conditions. (1)
when differential displacement of rock blocks
occurs on either side of weak zones, and (2)
when the width of a weak zone represents an
excessive span for the dam to bridge over. To
prevent local overstressing, the zones of
weakness in the foundation must be
strengthened so that the applied forces can be
distributed without causing excessive
differential displacements, and so that the dam
is not overstressed due to bridging over the
zone. Analyses can be performed to determine
the geometric boundaries and extent of the
necessary replacement concrete to be placed in
weak zones to limit overstressing in the dam.

1. Stability Analyses

4-50. Methods Available. -Methods available
for stability analysis are:

(& Two-Dimensionad Methods.

(1) Rigid section method.

(2) Finite element method.
(b) Three-Dimensional Methods.

(1) Rigid block method.

(2) Partition method.

(3) Finite element method.

Each of these analyses produces a shearing
force and a norma force. The normal force can
be used to determine the shearing resistance as
described in section 3-5. The factor of safety
against diding is then computed by dividing the
shear resistance by the shearing force.

4-5 1. Two-Dimensional Methods.-A
problem may be considered two dimensional if
the geological features creating the
guestionable stability do not vary in cross
section over a considerable length so that the
end boundaries have a negligible contribution
to the total resistance, or when the end
boundaries are free faces offering no resistance.
The representation of such a problem is shown
on figure 4-20.

(@ Rigid Section Method. -The rigid section
method offers a simple method of analysis. The
assumption of no deformation of the section
allows a solution according to statics and
makes the method comparable to the
three-dimensional rigid block method. As
shown on figure 4-20, the resultant of al loads
on the section of mass under investigation are
resolved into a shearing force, V, paralle to the
potential diding plane and a norma force, N.
The norma force is used in determining the
amount of resistance as discussed in section
3-5. The factor of safety or shear friction
factor is determined by dividing the resisting
force by the diding force.

This method may aso be used when two or
more features combine to form the potential
diding surface. For this case each feature can
be assumed to form a section. Load which
cannot be carried by one section is then
transferred to the adjacent one as an externa
load. This procedure is similar to the method
of slices in soil mechanics, except that the
surface may have abrupt changes in direction.

(b) Finite Element Method. -The finite
element method, discussed in sections 4-36
through 4-48, allows deformations to occur
and permits more accurate placement of loads.
The analysis gives the resulting stress
distribution in the section. This distribution
allows the variation in normal load to be
considered in determination of the resisting
force and shearing force along the potential
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Figure 4-20. Sketch illustrating the two-dimensional
stability  problem.-288-D-2996

diding plane. The shear friction factor can then
be computed along the plane to determine the
stability. When the stress distribution aong the
plane is known, a check can be made to
determine if stress concentrations may cause
failure of the material in localized arcas,

It should be noted that this distribution can
be approximated without using the finite
element method if the potential sliding mass
and underlying rock are homogeneous. The
finite element method is very useful if there are
materials with significantly different properties
in the section.

4-52. Three-Dimensional Methods.-A
typical three-dimensional stability problem is a
four-sided wedge with two faces exposed and
the other two faces offering resistance to
diding. The wedge shown on figure 4-21 is used
in the discussion to illustrate the various
methods.

(a) Rigid Block Method [14] .-The
following assumptions are made for this
method:

(1) All forces may be combined into
one resultant force.

(2) No deformation within the block
mass can take place.

(3) Sliding on a single plane can occur
only if the shear force on the plane is
directed toward an exposed (open or free)
face.

(4) Sliding on two planes can occur
only in the direction of the intersection of
the two planes and toward an exposed
face.

(5) No transverse shear forces are
developed (that is, there is no shear on the
planes norma to the diding direction).
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The rigid block analysis proceeds in the
following manner:

(1) The planes forming the block are
defined.

(2) The intersections of the planes
form the edges of the block.

(3) The areas of the faces of the block
and the volume of the block are
computed.

(4) The hydrostatic forces, if
applicable, are computed normal to the
faces.

(5) The resultant of all forces is
computed.

(6) The possbility for diding on one
or two planes is checked.

(7) The factor of safety against diding
is computed for al cases where diding is
possible.

To determine whether the rock mass could
dide on one or two planes, a test is applied to
each possible resisting plane. If the resultant
vector of al forces associated with the rock
mass has a component normal to and directed
into a plane, it will offer resistance to diding. If
only one plane satisfies the criterion, the
potential diding surface will be one plane; and
if two planes satisfy the criterion the potentid
diding surface will be the two planes.

Sliding on three planes is impossible
according to the assumptions of rigid block. If
an anaysis of a block with many resistant faces
is desired according to rigid block procedure,
several blocks will need to be andyzed with
any excess shear load from each block applied
to the next.

The resultant force for the case of a single
diding plane is resolved into one normal and
one shear force. For the case of diding on two
planes, the resultant is divided into a shear
force along the intersection line and a resultant
force normal to the intersection line. Forces
normal to the two planes are then computed
such that they are in equilibrium with the
resultant normal force. As a result of
assumption (5) at the beginning of this
subsection, these normal loads are the
maximum that can occur and the resulting
shear resistance developed is a maximum.
Figures 4-22(a) and 4-22(b) show a section
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Figure 4-21. Four-sided failure wedge for
threedimensional  stability  analysis.-288-D-2997

Ny + N = R
SFy =0
NZ N ZF\/=0

Ry = The portion of the resultant normal to the
direction of potential movement.

N = The normal load on the face indicated by the subscript,

Figure 4-22. Section through a diding mass normal to the
intersection line of two planes.-288-D-2998

through the potential sliding mass normal to
the intersection line of the two planes with the
resultant normal load balanced by normas to
the two potential diding planes.

The shearing resistance developed for either
a single plane or two planes is computed using
the normal forces acting on the planes and the
methods discussed in section 3-5.

(b) Partition Method.-The rigid block
method permits no deformation of the mass of
the block. Because of this restriction no shear
load is developed in the potentia diding planes
transverse to the direction of sliding. The
development of shear in the transverse
direction decreases the normal load and
consequently the developable shear resistance
[ 15]. An approximation to the minimum
developable shear resistance is made by the
partition method. In this method the planes
(normal to the sliding direction) are parted
according to the dead load associated with each
plane as shown on figures 4-23(a) and 4-23(b).
The component of the external load
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perpendicular to the dliding direction is then
proportionately assigned to each plane
according to the ratio of projected areas of the
planes with respect to the direction of loading
as shown on figures 4-23(c) and 4-23(d).
(Note: If the external load is paralel to one of
the planes, the load assignment may have to be
assumed differently depending on the point of
load application.) All the forces on each plane
are then combined to form a resultant on that
plane (fig. 4-23(e)). This resultant is assumed
to be balanced by a norma force and a shear
force on that plane (fig. 4-23(f)). The normal
force is then used in determining the resistance
of the block to dliding.

Although it is recognized that the
developable shear force is probably less than
that required to balance the resultant, the
assumption that this strength is developed
allows computation of the minimum
developable strength. The shear resistance
developed by using N, and N, (fig. 4-23(f)) is
considered the minimum possible.

The shearing force tending to drive the block
in the direction of sliding is determined as
described for the rigid block method. The
computation of the resistance according to the
partition method utilizes the information
obtained for the rigid block analysis, and
therefore requires very little additional
computation. The shear resistance determined
by the rigid block method is an upper bound
and that determined by the partition method is
considered a lower bound. As the angle
between the planes (see fig. 4-22(a)) increases,
the results obtained from the two methods
converge. The correct shear resistance lies
between the upper and lower bounds and is a
function of the deformation properties of the
diding mass and host mass of rock, and even
more importantly of the sliding and
deformation characteristics of the joint or
shear materia forming the surface. The effect
of these properties on the resistance developed
can be approximated by using a
three-dimensional  finite element program with
planar diding zone elements. This method is
discussed in the next subsection.

The partition method can be extended to
multifaced blocks very readily. Just as the
section normal to the direction of sliding is



LAYOUT AND ANALYSIS-Sec.

t : W w = oW
' g = _OF
Ei o+b

() g DE
/' External \ 27 o0+b
Load £ / ‘N

4-53

S~ .
. By + £, = €
Ol @ B> 2
| /’( S 2
/ 1/ 72

(e)

Where W= DEAD LOAD
E= EXTERNAL LOADS
R=RESULTANT LOAD ON MASS
Subscripts refer to the oappropriote portions of
the mass No subscript implies that the entire moss
15 being considered
Planes are normal to the direction of potential sliding
Loods resolved into the plone normal to direction of potential
sliding are indicated with o prime

Figure 4-23. Partition method of determining shear
resistance of a block.-288-D-2999

partitioned, so can a section aong the direction
of diding be divided as shown on figure 4-24.
Excess shear load from one partition, A, must
be applied to the adjacent one, B, as an
external loading as shown on the figure.

(c) Finite Element Method.-A program
developed by Mahtab [ 161 allows
representation of the rock masses by
three-dimensional solid elements and
representation of the potential diding surface
by two-dimensional planar elements. The
planar elements are given properties of
deformation in compression (norma stiffness)
and in shear (shear stiffness) in two directions.

The ratio of the normal stiffness to the shear
stiffness influences greatly the amount of load
which will be taken in the normal direction and
in the transverse shear direction. If the normal
stiffness is much greater than the shear
stiffness, as is the case for a joint with a dick
coating, the solution approaches that given by
the rigid block method. However, as the shear
stiffness increases with respect to the normal
stiffness, more load is taken by transverse shear
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and the solution given by the partition method
is approached.

The three-dimensional finite element
method allows another important refinement
in the solution of sability problems. Since
deformations are allowed, the stress state on all
planes of a multifaced block can be computed
rather than approximated and stress
concentrations located.

The refinements available in the analysis by
the three-dimensional finite element method
should be used when the upper and lower
bounds determined by the other methods are
significantly different. The method should also
be used if there is considerable variation in
material properties either in the potential
diding planes or in the rock masses.

A more detailed discussion of the finite
element method is given in sections 4-36
through 4-48.

2. Other Analyses

4-53. Differential Displacement Analysis. —
The problem of relative deflection or
differential displacement of masses or blocks
within the foundation arises due to variations
in the foundation material. Methods that
approximate or compute the displacement of
masses or zones within the foundation are
required to analyze problems of this nature.
Typical problems that may occur are as
follows:

(1) Displacement of a mass whose
stability depends on diding friction.

(2) Displacement of a mass diding into
alow modulus zone.

(3) Displacement of a mass with partia
intact rock continuity.

(4) Displacement of zones with
variable loading taken by competent rock
in two directions but cut off from
adjacent rock by weak material incapable
of transmitting shear load.

The displacements may be approximated by:
(1) extension of shear-displacement data
obtained from specimen testing in situ or in the
laboratory; (2) model testing; (3) development
of an analyticad model which can be solved
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Figure 4-24. Partition method extended to multifaced
blocks.-288-D-3000

manually; or (4) two- or three-dimensional
finite element methods.

Although the method used depends on the
particular problem, it should be noted that the
finite element method offers considerable
advantage over the other procedures. The finite
element method allows accurate material
property representation, gives stress
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distribution, and permits representation of
treatment necessary to obtain acceptable
displacements.

4-54. Analysis of Stress Concentrations Due
to Bridging.-A stress concentration may occur
in the dam due to the presence of a
low-modulus zone within the foundation as
shown on figure 4-25. To minimize the buildup
of stress in the dam, a portion of the weak
material in the low-modulus zone may be
replaced with concrete. The depth of
replacement required is determined as the
depth  when stresses in the dam  and
foundation are within allowable limits. The
two-dimensional finite element method,
discussed in sections 4-37 through 4-44, is an
excellent method for solving this problem.
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<<Chapter V

River Diversion

A. DIVERSION

5-1. General. -The design for a dam which is
to be constructed across a stream channel must
consider diversion of the streemflow around or
through the damsite during the construction
period. The extent of the diversion problem
will vary with the size and flood potential of
the stream; at some damsites diversion may be
costly and time-consuming and may affect the
scheduling of construction activities, while at
other sites it may not offer any great
difficulties. However, a diversion problem will
exist to some extent at al sites except those
located offstream, and the selection of the
most appropriate scheme for handling the flow
of the stream during congtruction is important
to obtain economy in the cost of the dam. The
scheme selected ordinarily will represent a
compromise between the cost of the diversion
facilities and the amount of risk involved. The
proper diversion plan will minimize serious
potential flood damage to the work in progress
at a minimum of expense. The following
factors should be considered in a study to
determine the best diversion scheme:

(1) Characteristics of streamflow.

(2) Size and frequency of diversion flood.

(3) Regulation by existing upstream dam.

(4) Methods of diversion.

(5) Specifications requirements.

(6) Turbidity and water pollution control.

5-2. Characteristics of Streamflow.—
Streamflow records provide the most reiable
information regarding stream characteristics,
and should be consulted whenever available.

Depending upon the geographical location of
the drainage area, floods on a stresm may be
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the result of snowmelt, rain on snow, seasonal
rains, or cloudbursts. Because these types of
runoff have their peak flows and their periods
of low flow at different times of the year, the
nature of runoff will influence the selection of
the diversion scheme. A site subject mainly to
snowmelt or rain on snow floods will not have
to be provided with elaborate measures for use
later in the construction season. A site where
seasonal rains may occur will require only the
minimum of diversion provisions for the rest of
the year. A stream subject to cloudbursts
which may occur at any time is the most
unpredictable and probably will require the
most elaborate diversion scheme, since the
contractor must be prepared to handle both
the low flows and floodflows at all times
during the construction period.

5-3. Selection of Diversion Flood.-It is not
economicaly feasible to plan on diverting the
largest flood that has ever occurred or may be
expected to occur at the site, and consequently
some lesser requirement must be decided upon.
This, therefore, brings up the question as to
how much risk to the partialy completed work
is involved in the diversion scheme under
consideration. Each site is different and the
extent of damage done by flooding is
dependent upon the area of foundation and
structure excavation that would be involved,
and the time and cost of cleanup and
reconstruction that would be required.

In selecting the flood to be used in the
diversion designs, consideration should be given
to the following:

(1) How long the work will be under
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construction, to determine the number of
flood seasons which will be encountered.

(2) The cost of possible damage to
work completed or still under
construction if it is flooded.

(3) The cost of delay to completion of
the work, including the cost of forcing the
contractor’'s equipment to remain idle
while the flood damage is being repaired.

(4) The safety of workmen and
possibly the safety of downstream
inhabitants in case the failure of diversion
works results in unnatura flooding.

After an analysis of these factors is made,
the cost of increasing the protective works to
handle progressively larger floods can be
compared to the cost of damages resulting if
such floods occurred without the increased
protective work. Judgment can then be used in
determining the amount of risk that is
warranted. Figure 51 shows a view from the
right abutment of Monticello Dam with a
major flood flowing over the low blocks and
flooding the construction site. This flood did
not damage the dam and caused only nomina
damage to the contractor's plant.

The design diverson flood for each dam is
dependent upon so many factors that rules
cannot be established to cover every situation.
Generaly, however, for smal dams which will
be constructed in a single season, only the
floods which may occur for that season need
be considered. For most smal dams, involving
at the most two construction seasons, it should
be sufficiently conservative to provide for a
flood with a probabil